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iPREFACE
The work described  in th is th esis  was ca rried  out in the Departm ent 
of N uclear P hysics a t the A ustralian  National U niversity under the supervision of 
Dr. R. H. Spear.
Chapter 1 describes the developm ent of the double-focussing magnetic 
spectrom eter,w hich  was used in conjunction with the ANU tandem  Van de G raaff 
a cc e le ra to r , for the experim ents described  in C hapters 2 and 3. Beside Dr.
Spear and m yself, many people took p a rt in bringing the sp ec tro m ete r into oper­
ation: M r. C. J . H ill of the N uclear Physics Workshop, designed (with the help 
of a  few p re lim in ary  sketches) and built the detec to r mount used to locate the 
focal plane. M essrs. J . H arrison  and M. M arsh of the N uclear Physics staff 
contributed many valuable ideas on alignm ent and equipment design. Workshop 
draw ings for sev era l m ajo r pieces of equipment used  on the sp ec trom eter w ere 
made available by the California Institu te of Technology. M r. K. W. C arter, who 
joined the departm ent during the la tte r  p a rt of the program , helped collect data 
when the p ro p ertie s  of the spec tro m ete r w ere being m easured  and did a large 
p a rt of the data reduction. The n u m erica l ray -trac in g  calculations a re  my own 
effort.
Chapter 2 describes a m easurem ent of gam m a ray  branching ra tios of 
27som e of the levels of A1 jointly undertaken by Drs. R. H. Spear, T. R. Ophel and 
m yself. The experim ental work was shared  approxim ately equally between us 
with m ost of the data analysis being perform ed  by me. The lineshape fitting p ro ­
g ram  was w ritten  by Dr. Ophel with m inor m odifications such as the lineshape 
broadening featu re  being w ritten  by me. The text of Chapter 2 is based upon a 
paper co-authored with Drs. Ophel and Spear which was w ritten  largely  by Dr. 
Spear.
The partic le-gam m a angular co rre la tio n  experim ents described  in 
C hapter 3 w ere suggested by Dr. Spear. The experim ental work was c a rrie d  out 
by Dr. Spear, M r. D. C. Kean, M r. K. W. C arte r and m yself. The data analysis 
was perform ed  by M essrs . Kean, C a rte r and m yself with perhaps the la rg e r 
amount being done by the f irs t two individuals.
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The paper p resen ted  in appendix 7 describes an experim ent which was 
perfo rm ed  by Dr. Spear and m yself concurrently  with the insta llation  of the sp ec­
tro m e te r. The experim ental work and analysis w ere divided approxim ately 
equally between us. It is included as an appendix because its em phasis does not
fit in with the general them e of the th esis . However, it does provide inform ation
27on the p ro p ertie s  of the Al nucleus and the re su lts  w ere used as a guide in the 
in itia l choice of the proton bom barding energy for the branching ra tio s  experim ent.
Some of the work reported  h e re  has appeared in the following publica­
tions :
E lliott , R. V. and Spear, R. H.
27’’P ro ton  Scattering From  Al in the Energy Range from  3. 5 to 11. 3 MeV. ”
Nucl. Phys. 84 (1966) 209
Elliott, R. V ., C arter, K. W. and Spear, R. H.
’’The Use of a Position-Sensitive Solid State D etector to  M easure P ro p ertie s  
of a Magnetic Spectrom eter. ”
Nucl. Instr. and Meth. 59_(1968) 29
Elliott, R. V. , Ophel, T. R. and Spear, R. H.
27’’Branching Ratios of Al Bound States. ”
Accepted for publication by N uclear Physics (1968).
Kean, D. C ., E lliott, R. V. and Spear, R. H.
27 24 27
”A Study of the 3. 00 MeV Level of Al via M g ^ p y )  Al. ”
Accepted for publication by the A ustralian  Journal 
of Physics (1968)
No p a rt of th is  th esis  has been subm itted for a degree at any other 
university .
R. V. E lliott
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CHAPTER 1
THE DOUBLE-FOCUSSING MAGNETIC PARTICLE SPECTROMETER
1-1 INTRODUCTION
A 61 cm m agnetic p a rtic le  sp ec tro m ete r has recently  been brought 
into operation a t the A ustralian  National U niversity for use with the tandem  a c c e le r­
a to r. The purpose of C hapter 1 of th is th e sis  is to  describe  the developm ent work 
perfo rm ed  to  make the spec tro m ete r a usable  laboratory  instrum ent.
The m agnet was constructed  by Spectrom agnetic Industries to  spec ifi­
cations identical to  those provided by the California Institu te  of Technology (CIT) 
for construction  of a s im ila r  instrum ent. The CIT spec tro m ete r has been described  
by Groce in his Ph. D. th esis  (Gr 63). The p resen t work is not intended to re - i te ra te  
the details  provided by him ; however, ce rta in  overlap is necessa ry  for com plete­
ness. The approach taken tow ard alignm ent, design of instrum entation  and m easu re ­
ment of p ro p ertie s  was quite d ifferent from  that taken by Groce.
Chronologically, the developm ent to be described  began a fte r the 
sp ec tro m ete r had been designed, constructed , delivered and installed, but was w ith­
out m ost of the instrum entation  n ecessa ry  to make it operational.
If applicable, m easurem ents on the sp ec tro m ete r made by the m anu­
fa c tu re r or CIT w ere used; an example of th is  is  the fringing field m easurem ent 
(sect. 1-3. 4. 2). This approach is consisten t with the philosophy adopted in 
bringing the spec tro m ete r into operation: the sim plest possib le solutions to  problem s 
w ere sought com m ensurate with not prejudicing future development.
1-1. 1 GENERAL DESCRIPTION
The spec tro m ete r is of the 180° double-focussing type with object 
and im age outside the m agnetic field and is designed to  deflect p a rtic le s  of m agnetic 
rig id ity  up to 27 MeV protons on a 61 cm  radius. The magnet (fig. 1-1. 1) is ha lf- 
cy lindrical in shape, 2. 19 m d ia . , 98. 5 cm  wide and weighs 11 tons (m etric).
It is supported by th re e  jacks on a ca rriag e  which ro ta tes  about a v e rtica l axis 
through the ta rge t. The ca rriag e  is supported by a self-aligning bearing  a t the 
axis of ro tation  and by two wheels which a re  attached n ear the r e a r  and move on a
1
2FIGURE 1 -1 .1
2a
FIG. 1-1. 1 Photograph of the sp ec trom eter with the standard  ta rg e t cham ber and
position-sensitive  detec to r holder mounted. The various p a rts  m arked 
by le tte rs  in the photograph a re  :
(a) Beam line co llim ator (fig. 1-2. 10)
(b) Sliding band support (fig. 1-2. 5)
(c) Sliding band (fig. 1-2.5)
(d) Thick-w alled ta rg e t cham ber (fig. 1-2. 5)
(e) T arget holder (fig. 1-2. 5)
(f) Slit box (fig. 1-2. 4)
(g) G am m a-ray detecto r p latform  (figs. 1-2. 6 and 1-2. 7)
(h) NMR oscilla to r and control
(i) Magnet coils (fig. 1-4. 1)
(j) T erm inals for both w ater and power to  m agnet co ils
(k) M echanical vacuum gauge used when evacuating the ta rg e t cham ber
(l) C leaners for cooling a ir  to com pensating coils
(m) Standard re s is to r  for m agnetic field stab ilization  (fig. 1-4. 1)
(n) D. C. am plifier for stab ilization  signal (insulated to  m inim ize te m p e r­
a tu re  changes and m icrophonics) (fig. 1-4. 1)
(o) D. C. am plifier power supply
(p) Liquid nitrogen cold tra p  and diffusion vacuum pump
(q) Cover fo r cent re -o f-ro ta tio n  pointer (fig. 1-3. 2)
(r) Mount for th ree  -  5 cm  long position -sensitive  detec to rs (fig. 1-2. 9)
(s) Magnet yoke
(t) Radial ca rriag e  (fig. 1-3. 1)
(u) Support ca rriag e  (fig. 1-3. 1)
(v) Level v ial box (fig. 1-3. 1)
(w) Magnet support jack (fig. 1-3. 1)
(x) Wheel and wheel jack (fig. 1-3. 1)
(y) M otor and gearbox for ro tation
(z) Auxiliary vacuum roughing pump
3FIGURE 1-1. 1
4c irc u la r  m etal track  which is bolted to the floor. An angular sca le  is provided on 
the track  to allow the spec trom eter to be set reproducibly to an angular accuracy  
of 0. 02°
The magnetic field is produced by heavy coils wound in a kidney 
shaped geom etry around the pole pieces. The cu rren t is supplied and contro lled  by 
a m oto r-genera to r, amplidyne and feedback-am plifier system  which will be d e sc r ib ­
ed la te r (sect. 1-4.2).
1-1.2 DESIGN
The design (Gr 63) of the sp ec tro m ete r is based  mainly on the work
of Ikegami (Ek 58) who considers both second-o rder effects and c irc u la r  en trance
and exit boundaries for non-homogeneous fields. The f irs t o rder theory  of Judd
(Ju 50) was used as a guide in choosing the object d istance d , the r  and z im age
distances d and d , and the solid angle ß . These quantities a re  shown la te r  in 
r  z
fig. 2- 3 . 2. The design specified a solid angle of at least 15 m sr  for an object
distance of 66 cm. The value of d was chosen to enable the sp ec tro m ete r to be
o
set at backward angles up to 155 .
In cy lindrical co -o rd inates the m agnetic field on the m edian (z = 0) 
plane is defined as
B (r) = B ( 1 -  Q'P + ß P Z ) (1 -E  1)z o
where B is the value of the m agnetic field on the cen tra l orbit, i. e. a t r  = R, 
o
P =  <r - R>
R
and a  and ß  a re  adjustable p a ram ete rs .
F or double-focussing, a  m ust be c lose to  £  and was chosen to be
0. 50 - 0. 02. The e r ro r  lim its specify the amount of a stigm atism  (defined as
d -  d ) to lerated . In o rd e r to m inim ize ab erra tio n s  the design specifies 
r  z '
ß  = 0. 34 - 0. 1 and a pole tip  rad ius of 36. 8 cm. The pole gap is 8. 9 cm wide 
at r  = R and the usable range of r  extends from  approxim ately 49. 6 cm  to  73. 7 cm.
F ield profile  m easurem ents w ere made by the m anufacture a t 6. 0,
10. 0 and 12. 5 kG. The data w ere m easured  in te rm s  of the logarithm ic derivative 
of the field defined as
( a  -  2/3 P )
5
R 'Ö B(r) 
B(r) §  r ( 1  -  a P  + ß V *  )
These m easu rem en ts  re su lt in a s tra ig h t line near r  = R from  which a  and ß  
can be determ ined. The re su lts  a re  shown in table 1-1. 1.
TABLE 1-1. 1
Values for the field p a ram ete rs  a  and ß  at r  = R = 61 cm 
as m easured  by Spectrom agnetic In d u s tr ie s .
F ield (kG) Alpha Beta
6. 0 0. 500 0.40
10. 0 0. 501 0.36
12. 5 0.498 0.27
1-1. 3 ADVANTAGES AND USES
F or som e types of m easurem ents a double-focussing sp ec tro m ete r 
has many advantages over o ther types of p a rtic le  de tec to rs. Exam ples of ex p eri­
m ents tha t exploit th ese  advantages a re  given in chapters 2 and 3 of th is th esis .
Com pared with solid  state  de tec to rs  the sp ec tro m ete r has the follow­
ing advantages:
(1) H igher reso lv ing  power (even when specia l precau tions have been taken  to
obtain m axim um  resolv ing  power from  the detecto rs).
(2) The ability  to  operate  a t 0° for som e reactions without excessive background
or the possib ility  of dam age to the detector.
(3) Low er dead tim e, since only a specified region of the spectrum  is detected.
(4) B e tte r signal to noise ra tio  because for a given solid angle the de tec to r
its e lf  is fu rth e r from  the ta rg e t thus reducing background due to neutrons
and gam m a-rays.
When used with a solid  s ta te  de tec to r a t the focus both m om entum  
reso lu tion  (from  the spectrom eter) and energy reso lu tion  (from  the detector) a re  
available for p a rtic le  d iscrim ination . P resum ably  a d E /d x  detec to r a t the focus 
would in c re ase  th is  capability fu rth e r since p a rtic le  d iscrim ination  on the  b asis
6of deposited charge would then bfe available. For example, alpha-particles and 
protons of the same momentum have almost the samq .energy and could not be 
separated otherwise.
The double-focussing spectrometer has an advantage over the broad 
range spectrograph in that its large solid angle and live-time recording capability 
combine to make co-incident detection of the analysed particles with other 
radiations possible, even for reactions with small cross-sections. The larger 
solid angle is the main advantage, since, with the advent of long position-sensitive 
solid state detectors, the live-time recording feature is no longer exclusive to the 
spectrometer (Bo 66). These detectors can be used in the focal plane of the 
spectrometer to give a momentum range Pmax/ P min = 1* 06 with live-time re­
cording capability (see sect. 1-2. 7). Of course photographic plates could also be 
used to obtain this momentum range.
Since the present instrument was designed, a second generation of 
spectrometer-spectrographs that use fringing fields for double-focussing have 
emerged. These instruments, which have large solid angles and broad-range 
capabilities, appear to combine the best features of the double-focussing spectro­
meter and the Browne-Beuchner spectrograph to produce an instrument with 
resolution better than either by a factor of 2. The most important of these is the 
split-pole spectrograph designed by Enge (En 64). Although the present spectrometer 
has a larger solid angle (by a factor of about 2) than any Enge spectrograph built 
as yet, it appears that the other features of the Enge instrument, such as higher 
resolution and broad-range capability, would outweigh this advantage. In fact, 
many of the nuclear physics laboratories now acquiring spectrometers are being 
equipped with Enge split-pole spectrographs (En 67, Ku 68).
71-2 DESCRIPTION OF AUXILIARY EQUIPMENT
This section  provides a descrip tion  of m ost of the m echanical com ­
ponents used on the spec trom eter, In some cases a m ore detailed  descrip tion  is 
given la te r, e.ig; when the component is  being aligned or used to  m easu re  som e 
property  of the spec trom eter.
1-2. 1 VACUUM BOX
The vacuum box is  of thin-w alled welded construction  m ade from  304 L 
sta in less  steel. The construction of the vacuum box, as delivered  with the sp ec tro ­
m ete r, was such tha t insta llation  of a de tec to r mount, apertu re-defin ing  system  and 
G aussm eter would have been very  difficult. To c o rre c t these  faults the vacuum box 
was rem oved from  the  spec trom eter, the ends shortened, and a re c e s s  provided 
20 cm from  the en trance to p e rm it the insta lla tion  of an NMR Gaussmeter-. As 
modified, the vacuum box, which is  shown in fig. 1-2. 1, subtends an azim uthal 
angle of 190°. Considerable ca re  was taken to  ensure  that the m odifications did not 
introduce res id u al m agnetic m a te ria l into the vacuum box, e ither from  new m a te ria l 
or welding. No attem pt was made to  m easu re  d is to rtions in the m agnetic field 
due to  the p resence  of the vacuum box; how ever the reso lu tion  m easurem ents 
(see sect. 1-5. 7), and field p ro file  m easurem ents on the CIT magnet, with and 
without the vacuum box (Gr 63 ), indicate that any d isto rtions a re  negligible. The 
vacuum box was mounted rig id ly  in the m agnet by m eans of wedges p re ss in g  
against the pole p ieces as shown in fig. 1-2. 2;
1-2. 2 ANTI-SCATTER BAFFLES AND BEAM CATCHER
In o rd e r to reduce the background due to  sca tte red  p a rtic le s , baffles, 
consisting of vanes of bery llium -copper alloy so ldered  to  long s tr ip s  of the sam e 
m ateria l, w ere insta lled  in the vacuum box as shown in fig. 1-2. 1. Since the 
la rg est background com es from  the d irec t beam  during operation at 0°, the  equations 
of m otion of the beam  in the vacuum box w ere solved in o rd e r to calcu late  the op­
tim um  position of the baffles. It was assum ed that the m agnetic field  was such 
that a beam  entering the sp ec tro m ete r on the cen tra l orb it was deflected to  s tr ik e  
the inner or outer w all of the vacuum box (see fig. 1-2. 1 for a typical tra je c to ry ).
The calculations, which a re  d iscussed  in sect. 1-6. 5, indicated that it was n ecessa ry
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FIG. 1-2.1 A section through the spectrometer vacuum box showing particle 
trajectories, NMR recess, beam catcher, anti-scatter baffles 
and mounting for the position-sensitive detector.
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fo r  some of the baffles to  p ro trud e  
s lig h tly  ins ide the extrem e p a rt ic le  
o rb its .
When the spectrom eter was 
being developed i t  was considered 
that i t  would be des irab le  to  p rov ide  
some means of in te rcep ting  the d ire c t 
beam during 0° operation in  o rd e r to  
reduce the background and p rov ide  fo r  
cu rre n t in tegra tion . Thus a beam - 
catcher, consisting of two p a ra lle l 
s lid ing  rods w ith  a cross m em ber to  
support a tanta lum  cup, was in s ta lle d  
as shown in  fig . 1-2. 1. The ra d ia l 
position  o f the beam -catcher as a 
function of the ra tio
(where is  the m agnetic r ig id ity  o f
, the focussed reaction  products and
FIG. 1-2. 2. D iagram  showing the wedges
used to  hold the vacuum box in  position, is  the r ig id ity  of the beam) was 
measured by in te rcep ting  the beam w ith  the cross m em ber only. The re su lts  a re  
shown in  fig . 1-2. 3. The e r ro r  ba rs  on the points in  the fig u re  are  an ind ica tion  
o f the w idth o f the cross m em ber. The th e o re tica l curve is  produced fro m  a so lu tion  
of the equations o f m otion under conditions s im ila r  to  those used in  the design o f the 
a n ti-s c a tte r ba ffles (sect. 1-6. 5).
I t  was assumed that the beam -catcher would be necessary to  reduce 
the background to  a to le rab le  le ve l during  operation at 0° fo r  reactions o f the type 
( a  , p ) ; however, in  the cases studied to  date, the a n ti-s c a tte r  baffles, in  con­
junction  w ith  an absorbing fo il in  fro n t of the detector, have been su ffic ien t. P re ­
sumably the beam -catcher would be necessary fo r  beams that pass close to  the 
cen tra l o rb it.
10
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r ■ 61 cm
FIG. 1-2. 3. D iagram  showing the rad ia l position of the beam  catcher as a 
function of K.
When an attem pt was made to  study a ( p , a) reaction  a t 0°, the 
background from  sca tte red  p a rtic le s  was found to be in to lerably  large  in sp ite  
of the  beam -ca tch er. F o r reactions of th is  type, the re la tive-energ ies  of the 
p a rtic le s  a re  such tha t it is  not possib le to  use an absorbing foil because  the 
a lp h a-p artic les  a re  m ore read ily  stopped than a re  the protons. The background 
v/as tra ced  to  components in the beam  produced by slit-edge  sca tte rin g  from  
co llim ato rs  in the beam  line. Since (p , a )  reactions have been studied using 
a sp ec tro m ete r a t 0° with a beam -ca tch er outside the m agnetic field (Ea 67), 
it appears tha t although both angular divergence and energy degradation would 
be expected to  be produced by slit-edge  sca ttering , energy degradation is  the 
m ain cause of background when using the beam -ca tch er inside the field.
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1-2. 3 ENTRANCE APERTURE DEFINING SLITS
An en trance ap ertu re  defining s lit box as shown in  fig. 1-2. 4 was 
constructed  to  a CIT design and mounted on the entrance flange of the vacuum box. 
The s lits  consist of four independent tantalum  vanes which can be adjusted (rep ro - 
ducibly) to  define a rec tang le  of continuously variab le  size  and position at a d istance 
of about 29. 5 cm  from  the entrance pole boundary. Each of the s lits  is insulated  
from  ground to  p e rm it cu rren t integration.
1-2 .4  TARGET CHAMBERS AND TARGET HOLDER ASSEMBLY
Two easily  in terchangeable ta rg e t cham bers have been constructed  for 
use with the sp ec tro m ete r. One (see fig. 1-2. 5) is a 13. 1 cm  I. D. thick-w alled , 
general pu rpose  ta rg e t cham ber of CIT design (Gr 63); it incorpora tes a sliding-band 
vacuum sea l to  the beam  line which perm its  the sp ec tro m ete r to  be set a t any angle 
between -10° and + 155° with re sp ec t to  the incoming beam  direction. The beam - 
entrance snout in the sliding-band is  fixed rig id ly  to  a solid  support so tha t it r e ­
m ains sta tionary  when the spec tro m ete r (and hence the ta rg e t cham ber) is  ro tated. 
This snout is  connected to the beam  line via a Sylphon bellows so as not to  d isturb  
the alignm ent of the co llim ato rs should sm all m ovem ents occur upon rotation. The 
orig inal design of the ta rg e t cham ber has been m odified slightly to  allow a 12. 7 cm 
d iam eter Nal (Tl) c ry s ta l to  be mounted on a rem ovable p late  in  the top of the ta rg e t 
cham ber with its  axis v e rtica l and its  front su rface  4. 1 cm  from  the ta rg e t spot.
The second ta rg e t cham ber as  shown in figs. 1-2. 6 and 1-2. 7 is  of 
thin-w alled construction  designed specifically  for use  in m easuring  p artic le -g am m a 
co rre la tions with the sp ec tro m ete r se t at 0° to  the beam  direction. It co n sis ts  of 
a flat-topped s ta in le s s -s te e l cy linder (8. 2 cm rad ius and 1. 6 m m  wall th ickness) 
with m axim um  possib le  sym m etry  about the v e rtica l axis. The only a p e rtu re s  a re  
the beam  en trance snout and the  exit po rt to  the spec trom eter.
The ta rg e t ho lder assem bly  (CIT design) can be mounted in  e ith e r a 
perspex  lid in the  th ick-w alled  ta rg e t cham ber as shown in fig. 1-2. 5, o r in the 
perspex  p la te  attached to  the vacuum manifold under the ta rg e t cham ber as shown 
in fig. 1-2. 6. It is  mounted in  the la tte r  position fo r use with e ither the th in-w alled  
ta rg e t cham ber, o r the  th ick-w alled  cham ber with the c ry s ta l in the top. The 
ta rg e t holder p e rm its  the v e rtic a l position of the ta rg e t to  be se t to -  0. 2 m m  and
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TARGET CHAMBER
Vertical Position Scale
Target Angle Protractor
Monitor Detector Positioning 
( I turn - 36*)
Quartz and Faraday Cup Positioning
Target 
Monitor Detector Straight-Thru Port (90*)
— Forodoy Cup 
-Quartz Viewer
- Electron Suppreeeor
-  - 4 ‘
Wo Stationary Support
'— Sliding Bond 
Vacuum Seal
VT7X tuclte
W7U Steel
Effsfl Qloss
V m  Brass
V///1 Stainless Steel
Copper
FIG. 1-2. 5. A cross-section of the thick-walled target chamber at 0° to the beam 
direction. The target holder is also shown. All significant parts 
are labelled in the diagram.
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THIN-WALLED TARGET CHAMBER 
AND VACUUM MANIFOLD
THIN-WALLED 
TARGET CHAMBER
TARGET SPOT-;
TO ___
SPECTROMETER
- — BEAM
CRYSTAL MOUNT PLATFORM
SUPPORT PLATE
TARGET CHAMBER 
MOUNT
THREADS
-B R A S S  VACUUM 
MANIFOLD
TO VACUUM 
PUMP *
HOLE FOR TARGET HOLDER PERSPEX PLATE
FIG. 1-2. 6. A section through the thin-walled target chamber showing the target 
chamber mount, vacuum manifold and crystal mount platform. This 
target chamber is used for particle gamma angular correlations 
with the spectrometer at 0 . The target holder shown in fig. 1-2. 5 
is mounted in the hole in the perspex plate.
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*4“ Othe target angle to be set to - 0. 1 on a well defined axis. In addition, the assembly- 
supports a Faraday cup, a quartz viewer, and a mounting for an auxiliary solid state 
detector, all of which can be rotated from outside the chamber. When mounted in 
the perspex lid or plate, the target holder is insulated from ground, thus permitting 
current integration.
1-2. 5 GAMMA RAY GONIOMETER
The Nal (Tl) crystals to be used in conjunction with the thin-walled 
target chamber can be mounted on a circular steel platform attached to the target 
support framework (see figs 1-1. 1, 1-2, 6 and 1-2. 7). This platform, which consists 
of a 6. 35 cm wide annulus with dowel-bolt holes every 5° on a 24. 2 cm radius, 
permits several 12. 7 x 10. 2 cm crystals to be mounted simultaneously in a hori­
zontal plane, with their axes passing through the beam spot. The angular positions 
of the crystals can be varied in 2, 5° steps and the distance from the target to the 
crystal faces can be varied continuously from 8. 3 to 35. 0 cm. The angular range 
of the crystals is from 45. 0° to 157. 5° when the crystal face is 20 cm from the 
target.
In addition, a vertical arch of the same radius as the support platform 
has been constructed (fig. 1-2. 7) to permit movement of the crystals in a vertical 
plane around the beam spot in 2. 5° steps. The axes of the crystals maunteduon n 
the arch pass through the target spot. In addition, the arch can be rotated in 2. 5° 
steps about the vertical axis passing through the target spot in a manner similar to 
the crystals.
1-2. 6 ANNULAR DETECTOR MOUNTING
Provision has been made for installing an annular solid state detector 
in the thin-walled target chamber at 180° to the beam direction. This feature allows 
the target chamber and goniometer to be used for particle-gamma correlation 
measurements independent of the spectrometer. It has proved to be useful in work 
where the high resolution of the spectrometer is not needed.
1-2. 7 DETECTOR MOUNTS
Three easily interchangeable detector mounts have been constructed 
for the spectrometer.
16
FIGURE 1-2.7
16a
FIG. -2. 7. Photograph of gamma-ray goniometer and thin-walled target chamber 
showing two 12. 7 x 10. 2 cm Nal (Tl) gamma-ray detectors mounted.
(a) Horizontal support platform
(b) Dowel-bolt, hole (at end of white stroke)
(c) Sliding mount for crystal
(d) Thin-walled target chamber
(e) Vertical arch to allow crystals to be rotated in a vertical plane
17
FIGURE 1-2.7
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SLIDING ABSORBER RACK
NO ABSORBER 
ABSORBING FOIL— v
DETECTOR SLIT
-SLIDING SLIT RACK
FIG. 1-2.8. Schematic diagram of the single detector mount showing the sliding 
racks used for positioning various slits and absorbing foils in front 
of the detector.
The first one, shown schematically in fig. 1-2. 8, is constructed to 
a CIT design. It consists of a mounting for a single solid state detector located 
at the focal point on the central orbit. Provision is made for five different slits 
(of 0. 795, 1. 59, 3. 18, 6. 36, 12. 72 mm width) and six different absorbing foils 
to be placed in front of the detector.
The second mount, shown in figs. 1-2. 1, 1-5. 1 and 1-5. 2, is designed 
to permit a 2 cm long position-sensitive solid state detector to be mounted in a 
moveable head. This detector mount is discussed in sect. 1-5. 2 in connection 
with the location of the focal plane. A device has been constructed for this mount
19
to  allow  up to  five d ifferent absorbing foils to  be placed in front of the detec to r 
without breaking vacuum.
The th ird  detec to r mount, which is shown in fig. 1-2. 9, is  designed 
to  allow up to  th ree  5 cm long position-sensitive  solid sta te  de tec to rs to  be mounted 
end to  end and lie along the focal plane. T hree hinged absorbing foil ho lders, 
operated  through flexible cables from  outside the vacuum, can be p laced in front 
of the detecto rs in various com binations to  provide up to  five d ifferent foil th ick ­
n esse s . If n ecessa ry  the position of the detec to r support can be  changed to  allow 
for movement of the focal plane with varying p artic le  energy (see sect. 1-5. 3. 2).
1-2. 8 BEAM HANDLING SYSTEM
The apparatus used to  deliver the beam  from  the tandem  switching 
m agnet to  the ta rg e t cham ber is  shown schem atically  in fig. 1-2. 10. The co llim ­
a to rs , which consist of rem ovable c irc u la r  tantalum  disks with holes d rilled  in the 
cen tre , can be ro tated  out of the beam path without breaking vacuum (fig. 1-2. 10b). 
C ollim ator No. 1 can be used if it  is  d esir ed to force the beam  to follow the  optic 
axis. The quadrupole lens is  a standard  tw o-elem ent unit.
1.-2. 9 VACUUM SYSTEM
The vacuum system  is based on a standard  gas b a lla s t ro ta ry  forepump, 
a 10. 7 cm d iam eter oil diffusion pump, a re frig e ra te d  baffle and a liquid n itrogen  
cold trap . A sm alle r ro ta ry  pump is  used fo r aux iliary  roughing operations. To 
m inim ize the likelihood of ta rg e t breakage a m echanical gauge has been provided to 
m onitor the p re ssu re  when pumping down the ta rg e t cham ber. The m ain  vacuum
_3
gauges consist of a P iran i gauge (0. 5 to  10 to rr)  and a standard  hot-cathode 
-2  -8ionization gauge (10 to io to rr ) . The p re s su re  usually  achieved in the vacuum 
system  is  about 2 x 10 to rr .
FIGURE 2-2.9
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FIG. 1 -2 .9 .
(a)
(b)
( c )
(d )
(e)
(f)
(g)
(h )
(i)
Photograph of mount to hold th ree  -  5 cm long position-sensitive 
detec to rs . (One detec to r only is  mounted in th is  p ic tu re .)
A bsorber control levers
Flexible cable from  ab so rb er control levels to  ab so rb er rack
A bsorber rack , note -  the th ree  ab so rb er racks 1, 2 and 3 a re  
moved by the control lev ers  1, 2 and 3
A dsorber
D etector signal cables
Box to  hold detector and mount ab so rb er racks 
Nut to  adjust height and inclination of de tec to r box 
Supports for de tec to r box
BN C-to-M icrodot vacuum feed through coupling
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1-3 ALIGNMENT OF THE SPECTROMETER 
1-3. 1 INTRODUCTION
The procedures adopted in aligning the sp ec trom eter w ere based on 
the availability  of two p recision  theodolites, a p rec ision  su rv ey o r 's  level and a 
Taylor-H obs on alignm ent telescope, a ll of which w ere capable of an angular 
accuracy  of -  2 seconds of a rc . In addition a 20 sec /d iv is io n  sp ir it level and some 
other tools, specifically  constructed  for the alignm ent, w ere used.
Before alignm ent was s ta r ted  the only re fe rence  points that existed
w ere a 17 5 cm  reference  beam  height benchm ark and the beam  line re fe ren ce  axis
at the switching magnet. When alignm ent was completed, a num ber of secondary
refe ren ces  had been established so that any checking or re-a lignm ent could be
achieved quite easily . G enerally, the alignm ent was perform ed to  a p rec ision  of 
+
- 0. 05 mm.
Because the alignm ent p rocedure involved a large num ber of ro tations 
of the spectrom eter, the hand crank  was rep laced  by a rev e rs ib le  m otor connected 
to the shaft through a 100-1 speed reduction g ear box.
V arious item s mentioned in the following d iscussion  a re  defined in
fig. 1-3. 1.
1-3. 2 SUPPORT CARRIAGE LEVELLING
Although considerable ca re  was taken when installing  the c ircu la r 
track  to ensure that it would be level and flat, it se ttled  over a period of tim e, so 
that upon rotation of the spec trom eter, variations in the height of the support 
carriag e  of up to -  0. 6 mm w ere m easured . This was considered to be into lerable 
since movements of th is m agnitude would be tran sm itted  to the ta rg e t cham ber 
which is rigidly attached to  the magnet. To elim inate these excursions, a slid ing- 
wedge jack was installed  above each wheel to p e rm it the  support ca rriag e  to be 
ra ised  or lowered re la tive  to the w heels. Level vials (of twenty seconds p e r 
division accuracy) w ere mounted in b ra s s  boxes which w ere bolted to each side of 
the support ca rriag e  (fig. 1-3 .1). In o rd e r to  make the level on one side of the 
spectrom eter independent of the motion of the jack on the opposite side, the level 
vials w ere mounted on lines p a ra lle l to the axles of the w heels. Thus, since the
FIGURE 1-3. 1
24 a
FIG. 1-3.1. Schematic drawing of the spectrometer in both elevation and plan 
view to illustrate the various components referred to in the dis­
cussion on alignment. The object distance d and the radial and 
axial image distances (d^ and d^ respectively) are  also shown.
(A) Centre-of-rotation pointer
(B) Central self-aligning bearing
(C) Wheel
(D) Magnet support jacks
(E) Level vial box
(F) Support carriage
(G) Radial carriage
(H) Circular track
(I) Target chamber
(J) Angle of inclination of magnet fact to correct for fringing fields
(K) Beam axis
(L) Median plane
(M) Magnet yoke
(N) Wheel mount
(O) Axis of rotation
(P) Object position (Target spot)
( Q) Radial focal point
25
FIGURE 1-3. 1.
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cen tra l bearing  rem ains fixed, the spec tro m ete r w ill be constrained to  move in a
horizon ta l plane if the wheel jacks a re  adjusted so that the level bubbles rem ain
centred . Indeed, when the sp ec tro m ete r was ro tated  under these  conditions, the
previously  mentioned excursions of ^ 0. 6 mm had been reduced to le ss  than 
+
- 0. 05 mm.
1-3. 3 LOCATION OF THE CENTRE OF ROTATION
The procedure used for finding the cen tre  of ro ta tion  of the  sp ec tro ­
m e te r is  illu s tra ted  in fig. 1-3. 2 and described  in  the figure caption.
A p re lim inary  attem pt to  find  the cen tre  gave non-reproducib le 
re su lts  due to d istortions in the support c a rriag e  that w ere produced during ro ta ­
tion. The cause of the d is to rtions was traced  to  one of the wheels whose ax is did 
not pass through the cen tre  of ro ta tion  of the sp ec trom eter and hence produced a 
force p a ra lle l to the axis when the spec tro m ete r was rotated. Since the d irec tion  
of the fo rce  was dependent on the d irec tion  of ro ta tion  of the sp ec trom eter, the 
resu ltin g  d istortion  was like a m echanical h y s te re s is  with two stable s ta tes . 
B racing  the support c a rria g e  failed to  elim inate the fault. C onsideration was 
given to  repa iring  the wheel but th is  was regarded  as being too difficult.
It was found tha t ro ta tion  through 7° was enough to change the support 
c a r r ia g e  from  one h y s te re s is  s ta te  to another and thus the convention was adopted 
tha t ro ta tion  was always to be in the counter-clockw ise (CCW) d irection; if c lock­
w ise ro ta tion  was required , the p rocedure  used was to  go past the requ ired  angle 
by 7° and then come back in a CCW direction. When th is  convention was used, a 
rep roducib le  centre of ro tation  could be determ ined.
1 -3 .4  OTHER ALIGNMENT
Once wheel jacks had been provided to  p erm it ro tation  in a horizon tal 
plane and the centre of ro ta tion  had been found, alignm ent of the sp ec tro m e te r-  
p ro p e r could begin.
The magnet was se t roughly a t the c o rre c t height and inclination and 
moved back, with the rad ia l ca rriag e , until it touched the support carriag e .
27
FIGURE 1-3. 2
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FIG. 1-3. 2 (a) Illustration of the method for finding the centre of rotation of the 
spectrometer.
A theodolite was set up at approximately 90° to the median plane 
of the spectrometer with its line of sight (LOS) on the centre-of-rotation 
pointer (CHP). The actual centre of rotation (CR), which is unknown, 
is shown as a cross in the diagram (a)(1) and the CRP is drawn as a 
circled dot. When the spectrometer is rotated through 180° the CRP 
appears displaced by the distance b perpendicular to the LOS. The LOS 
of the theodolite is moved to a position half-way between the old position 
and the CRP (dashed line) and the CRP is adjusted to lie on this line, 
i. e. moved from position p to p’ (a)(2). This procedure is repeated 
until there is no apparent difference in the position of the CRP with the 
spectrometer in either position. The theodolite and the spectrometer 
are then set up at approximately 90° to the original direction and the 
procedure repeated until the CRP shows no movement with the spectro­
meter in either position.
In practice two theodolites were set up approximately 90° apart 
so that the effect on one direction, of moving the CRP in the other 
direction, could be controlled. Although one theodolite is sufficient, 
the process is more tedious.
(b) Detail of the centre-of-rotation pointer and mount.
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1-3. 4 .1  Alignment of the M edian Plane
It is  n ecessa ry  that the m edian plane, which is the plane- of sym m etry 
of the sp ec tro m ete r, be v e rtic a l and pass through the cen tre  of rotation. Since 
the m agnet yoke is  joined together on th is  plane, a convenient re fe rence  is avail­
able.
The two theodolites w ere se t up about 8 m  ap art on e ither side of the 
cen tre  to  define a v e rtic a l plane with the cen tre  of rotation. The sp ec trom eter was 
then ro ta ted  un til the  m edian plane and the one defined by the th ree  points w ere in 
juxtaposition. Sm all ro ta tions, in conjunction with a combination of adjustem ents 
to the m agnet support and la te ra l m ovem ent jacks, w ere made to  bring  the two 
planes into coincidence.
1-3. 4. 2 Alignment to  C o rrec t for F ringing-field  Effects
To allow for deflection of the p a rtic le s  in the fringing field it was 
n ecessa ry  to  t i l t  the m agnet backw ards 4. 8° from  the v e rtica l and lower it so that 
the point of in tercep tion  of the  61 cm a rc  with the pole face was 7. 9 mm below the 
re fe ren ce  beam  level. These values a re  based  on fringing field m easurem ents 
perfo rm ed  on the  CIT m agnet (Gr 63) and m easurem ents on the p resen t magnet 
p erfo rm ed  by the m anufactu rer (see figs. 1-2. 1 and 1-3. 3). The height was set 
using the  p rec is io n  su rv e y o r’s level and the inclination se t using a theodolite in 
v e rtic a l tra v e rs e  in conjunction with v e rn ie r calipers. The position of the median 
plane was checked a fte r th ese  adjustm ents w ere made and found to  be within 
to le ran ces .
When the vacuum box was mounted in the sp ec tro m ete r the object end 
was set to  p ro trude  beyond the  pole boundary so that the entrance flange was inclined 
a t 4. 8° with re sp ec t to  the  face of the m agnet (see fig. 1-2. 1). When the inclin ­
ation and height of the sp ec tro m e te r had finally been set, the orientation of th is 
flange was checked with a sp ir it  level and found to  be v e rtic a l to within 20 seconds. 
Had a m o re  serio u s  d iscrepancy  occurred  it could have been com pensated for in 
the  alignm ent of the en trance  s lits .
1-3. 4. 3 E ntrance Slit Box Alignment
The s lit  box was bolted and dowelled to  the en trance flange of the
30
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vacuum box. An optical alignm ent was then done: the -0- s lits  (horizontal motion, 
v e rtic a l edges) w ere adjusted to  read  zero  when the s lit  edges w ere on the median 
plane and the 4> s lits  (vertica l motion) w ere adjusted to read  zero  when the s lit 
edges w ere a t the re fe ren ce  beam  height. A fter the ta rg e t cham ber had been 
in sta lled  and aligned, the zeros of the 4» s lits  w ere checked with a highly collinated 
beam  and found to  be within 0. 1 m m  of the optical values.
1-3. 4. 4 T arge t Cham ber Alignment
The base  on which the ta rg e t cham bers a re  mounted is  constructed  so 
tha t e ith e r cham ber can be rem oved and accura te ly  replaced (e. g. see fig. 1-2. 6). 
To align th is  base, the  th ick-w alled  cham ber was used. The ta rg e t cham ber and 
base  w ere levelled and adjusted in Height so that the cen tre  of the beam  inlet slot 
was horizon ta l and at beam  re ference  height. This was accom plished by a t r ia l  
and e r r o r  p ro cess , using shim s. The cen tre  of the ta rg e t cham ber was then set 
on the axis of ro ta tion  of the sp ec trom eter, which was defined by the in tersec tion  
of two v e rtic a l planes a t 90° to  one another, each passing through the cen tre  of 
ro tation. The v e rtic a l planes w ere defined by the theodolites in v e rtica l tra v e rse , 
aligned on the cen tre  of ro tation.:' The object d istance dQ, which is the d istance 
from  the cen tre  of the ta rg e t cham ber to  the 61 cm in te rcep t on the pole face, was 
m easured  with v e rn ie r ca lip ers  to  be 66. 1 -  .01  cm.
1-3. 4. 5 Zero of the  Angular Scale on the C ircu la r T rack
To determ ine  the zero  of the angular sca le  on the c irc u la r  track , a 
highly collim ated beam  was passed  through a 0. 15 m m  d iam eter ap ertu re  located 
at the ta rg e t spot and its  im age was observed on a quartz p late a t the focus. The 
0 (horizontal motion, v e rtic a l edges) entrance s lits  w ere then set a t equal d is ­
tances from  the m edian plane and the m agnet was ro tated  until each s lit in tu rn  
in tercep ted  the beam . The m ean of the two positions was taken to  be the 0° 
position of the sp ec tro m ete r.
1-3. 4. 6 D etector Mount Alignment
Since th e re  was considerab le  p re s su re  to  bring  the spec trom eter into 
operation as  soon as  possib le  it was decided to use  the CIT value of 24. 0 cm (Gr63) 
fo r the im age d istance d^ when aligning the s ing le-detec to r mount. Also, this
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value ag rees  well with f i r s t  o rd e r calculations (see table 1-5, 1). Although p ro ­
vision was m ade to  allow adjustm ent to be made when a m ore accu ra te  value was 
obtained from  focal plane m easurem ents, none was necessa ry  (see sect. 1-5. 3. 2). 
The rad ia l position  of the de tec to r s lits  was determ ined by passing a p a ra lle l beam  
around the cen tra l orb it defined by a 0. 40 mm ap ertu re  a t the ta rg e t spot and a 
0. 7 m m  wide s lit  on the cen tra l orb it a t 0 = 85°, and observing its position on a 
quartz plate  a t the de tec to r s lit position. The position so determ ined agreed well 
with the calcu lated  position which took the fringing field into consideration.
The path the beam  was constrained  to follow is defined as the ’’optic 
a x is” of th e1 system . In the m agnetic field region, the optic axis follows the cen tra l 
orbit. Som etim es the optic axis is re fe rre d  to as the ’’m ean ray ” .
1-3. 4. 7 G oniom eter Alignment
The goniom eter was aligned so  that the position of the c ry s ta ls  could 
be set reproducib ly  to  within 0. 3 mm in the rad ia l d irection  and to  within 0. 1° of 
the angle specified.
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1-4 PRODUCTION AND MEASUREMENT OF THE MAGNETIC FIELD
1-4. 1 MEASUREMENT OF THE MAGNETIC FIELD
The nuclear magnetic resonance (NMR) method, based on the proton
resonance, was chosen to measure the magnetic field of the spectrometer. Since
NMR requires a homogeneous field for operation, a system of current-carrying
compensating coils (Vi 59) was built to cancel the transverse field gradient in the
region of the NMR sample. The coil system fits around a Harvey Wells NMR 
2probe (0. 14 cm sample volume). Details are given in Appendix 1-1.
The NMR system was mounted in a recess in the vacuum box 18 cm 
from the entrance pole tip (fig. 1-2. 1). The recess was located at the entrance of 
the spectrometer rather than the exit in order to increase the effective area of the 
focal plane available for particle detection. At present the recess protrudes 
inside the extreme particle orbits (fig. 1-2. 1); however, tests indicate that if 
necessary, the NMR assembly can be moved to a position just outside the extreme 
particle orbits and still produce a useable signal. The compensating-coil assembly 
can be removed from the spectrometer, the NMR probe exchanged, and the whole 
assembly re-located without changing the calibration.
A Harvey Wells oscillator was modified to cover the frequency range 
from 7. 82 to 48. 0 MHz (proton energy range from 0. 7 to 26. 7 MeV or magnetic 
field range from 2. 0 to 12. 5 kG) with a single probe. The NMR signal is of good 
quality and easy to find for frequencies up to about 45 MHz and can be found with 
difficulty up to 48 MHz.
1-4. 2 SPECTROMETER POWER SUPPLY
The magnet current supply electronics are shown in fig. 1-4. 1. The 
magnetic field is produced by thirty-two coils of six turns each, connected in 
series to have a total resistance of 0. 141 ohms, so that the total power dissipated 
is 50 kilowatts at 600 A current. The coils are made of 1. 18 5 cm square copper 
tubing and have a 4. 67 mm diameter hole in the centre for cooling water.
The current is fed to the spectrometer through heavy overhead 
cables from a 100 kilowatt D-€ generator powered by a 100 hp motor. An oil- 
filled water-cooled standard resistor in the circuit between the magnet and the
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g en era to r is used to  p ro v id e  a voltage signal for stabilizing the m agnetic field.
This signal is com pared with the signal obtained from  m ercu ry  refe rence  b a tte rie s  
to produce an e r ro r  signal which is am plified by a Honeywell-Brown chopper s ta b il­
ized D. C. am p lifie r and fed to a phase sensitive  rec tifie r. This re c tif ie r  contro ls 
the exciting field of an am plidyne g en era to r-am p lifie r. The amplidyne in tu rn  
con tro ls the exciting field of the 100 kilowatt generato r. P a r t  of the amplidyne out­
put is  fed to a derivative feedback am plifier which prevents rap id  changes in the 
am plidyne output.
P re lim in a ry  m easurem ents of the stab ility  of the m agnetic field w ere 
m ade using the NMR G aussm eter for long-term  drift (g rea te r than: 8 sec)> and 
the Hall effect G aussm eter for sh o rt- te rm  instab ilities. The stability  was found 
to  be about 1 p a rt in 1000 (1/1000), well outside the specified 1/3500.
The cause of the instab ility  was traced  to  pick-up by the long (40 m) 
coaxial cable carry in g  the low -voltage signal from  the standard  re s is to r  a t the 
sp ec tro m ete r to  the contro l c ircu it. The effect of th is  pick-up was reduced to a 
to le rab le  level by am plifying the voltage signal by a fac to r of 10 at the standard  
re s is to r  and attenuating it again a t the control c ircu it. An in teg ra ted -c ircu it 
so lid -s ta te  D. C. am plifier*  was used  to  provide the am plification. With these  
m odifications the s h o r t- te rm  stab ility  was 1/6500 for a 1 kG field and 1 /40 , 000 
for a 15. 5 kG field. The lo ng -term  s tab ility  was about 1/3000 for a 1 kG field; 
however, th is is  not a se rio u s  lim itation  because the d rif ts  a re  quite slow and can 
be co rrec ted  m anually.
A cu rren t contro l device based  on feedback from  the NMR signal 
has been built and is  in the  p ro cess  of being tested . P re lim in ary  m easurem ents 
indicate tha t it w ill e lim inate the long-term  drift.
1-4. 3 ENERGY CALIBRATION OF THE SPECTROMETER
C alibration  of an analyzing m agnet o r spec tro m ete r consists of find­
ing the  re la tionsh ip  betw een the NMR G aussm eter frequency f, and the energy E of 
a p a rtic le  of m ass  M and charge Z which follows a w ell-defined path through the
* based  on a F a irch ild  (uA 709C operational am plifier.
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instrum ent. The re la tionsh ip  is given by :
k E ~ M ~ r  e  -Il  + (1-4. 1)
w here k is  the calib ration  constant and is the proton m ass. The sp ec tro m ete r 
energy calib ration  was achieved using p a rtic le  beam s from  the tandem  a cc e le ra to r 
which had been energy-analyzed  by the 90° magnet. The calibration  of the 90° 
magnet., which was perfo rm ed  using (p, n) th resho lds (Ma 66), is known to within 
1 keV /M eV  over the range from  2. 5 to 10. 0 MeV proton energy (Op 68).
The p a rtic le  beam  entered  the spec trom eter, which was se t at 0°, 
through a 0. 6 m m  pinhole a t the ta rg e t position. The field of the sp ec tro m ete r was 
adjusted so tha t the beam  passed  through the sp ec tro m ete r on the cen tra l o rb it and 
was detected by a so lid  s ta te  counter* behind a 0. 8 mm wide s lit at the focus. Since 
the beam  passed  through both the analyzing magnet and the spec trom eter, the 
following re la tionsh ip  is  valid :
k s (1-4. 2)
s
w here the su b scrip ts  " s"  and "a." re fe r  to the sp ec tro m ete r and analyzing m agnet 
respectively .
The sp ec tro m e te r was calib rated  at 16 points over the frequency 
range from  10 to  39 MHz. The calib ra tion  data a re  shown in tab le  1-4. 1; in 
calculating k , k^ is assum ed to  be constant. In o rd e r to  use  eq. (1-4. 1) to com ­
pute frequency-energy  tab les , a smooth functional re la tionship  betw een k and fs s
is desirab le . This re la tionsh ip  is  shown in fig. 1-4. 2 w here k jsq i lofted as as
function of f and the sm ooth curve is a fit to the points. A possib le explanation s
fo r the varia tion  of k^ with f may be due to  the fact tha t the NMR probe iss s
* A "dud" counter, capable of detection only, was used, since the d irec t beam  
would have ru ined a good counter.
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TABLE 1-4. 1
Data for calib ration  of the sp ec tro m ete r based on
k = 0.019824 a
P a rtic le Energy (MeV) £a (MHz) fg(MHz) k s
3 ++
He 1. 5 7. 526 9. 908 0. 011439
t t 2. 0 8. 691 11. 444 0. 011434
I t 2. 5 9. 717 12. 790 0. 011442
11 3. 0 10. 645 14. 013 0. 011440
t l 4. 0 12. 293 16. 183 0. 011439
I I 5. 3 14. 151 18. 625 0. 011443
4 ++
He 5. 0 15. 833 20. 835 0. 011448
t i 6. 0 17. 345 22. 810 0. 011462
i i 7. 0 18. 736 24.635 0. 011466
i i 8. 0 20. 031 26. 335 0. 011469
i i 9. 0 21. 247 27. 925 0.011476
i i 10. 0 22.398 29. 425 0.011486
4 + He 3. 0 24.526 32.203 0. 011499
i i 3. 5 26. 492 34. 7 2 5 0.011504
i i 4. 0 28. 322 37. 125 0. 011537
i t 4. 5 30. 041 39. 365 0. 011545
situated  in a d ifferen t region of the m agnetic field than that used by the p a rtic le s , 
hence any sa tu ra tion  effects would appear as changes in k g.
The calib ration  was checked using the  8. 7841 MeV a lp h a-p artic les  
from  ThC’ and found to  be within -  5 keV.
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1-5 MEASUREMENT OF SPECTROMETER PARAMETERS 
1-5. 1 INTRODUCTION
For optimum use of the spectrometer, various parameters must be 
determined with some accuracy; in particular, location of the focal plane and 
measurement of astigmatism, magnification, dispersion, resolving power, hyster­
esis properties and the solid angle. A variety of techniques have been used in the 
past to measure these properties. The most important are: (1) radioactive source 
at the object position and a photographic plate at the image (Si 46), (Co 64); (2) AC 
magnet at the object position to spread the beam from an accelerator and a quartz 
plate at the image (Sn 50), (Co 61); (3) stretched current-carrying wire to simulate 
particle trajectories (Cr 51), (La 56); (4) deflecting magnet at the object position 
with a slit and quartz plate at the image (Wo 61), (Gr 63) and (5) a radioactive 
source at the object position and a solid state detector behind a slit on a moveable 
mount at the image (Fr 67).
The method chosen for the present measurements involved the use of 
a source of mono-energetic particles at the object position and a position-sensitive 
solid state detector on a moveable: mount at the image. In addition to locating the 
focal plane, the method was capable of measuring astigmatism, magnification, 
dispersion, resolving power, hysteresis properties and the solid angle. Although 
it does not yield as much information about aberrations as does method (4) it is 
considerably simpler to perform and analyze and does not require as much special 
equipment. In fact the method used here has the advantage over most of the methods 
outlined above in that the main piece of apparatus (the detector mount) can be used 
later for experiments.
1-5.2 APPARATUS
The device used to hold the position-sensitive detector is shown in 
figs. 1-5. 1, 1-5. 2 and also 1-2. 1. The position-sensitive detector is mounted in 
a rotatable head on the end of a sliding shaft which can be clamped to prevent 
sliding during a measurement. A gear system makes it possible to vary cf>, the 
detector angle, without breaking vacuum. For the studies described here, however, 
<)> was fixed at 90° since preliminary measurements indicated that the marginal
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DETECTOR ANGLE ADJUST KNOB
SLIDING SHAFT ( X- DIRECTION )
SLIDING PLATE (Y-DIRECTION) —
DETECTOR MOUNT FLANGE
SLIDING O-RING SEALS
DETECTOR BOX
ROTATABLE DETECTOR HEAD
POSITION SENSITIVE DETECTOR
SLIDING SHAFT GUIDE AND CLAMP
i . i . I . I ■ l
0 10 20 30 40
CENTIMETERS
FIG. 1-5. 1. Section through de tec to r mount used to  locate focal plane. A gear 
m echanism  m akes it possib le  to  vary  <|> by turning the detector 
angle ad just knob. The drive from  the knob to  the  g ears  is through 
a sm all shaft inside the sliding shaft.
FIGURE 1-5. 2
4 la
FIG. 1-5. 2. Photograph of the detec to r mount used to  locate the focal plane 
(see a lso  fig. 1-5. 1).
(a) G ear d rive to  change angle of de tec to r head
(b) Rack and pinion gear d rive for y motion
(c) Scale for y position
(d) Sliding shaft for x m otion
(e) P osition -sensitive  detec to r
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FIGURE 1-5.2
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im provem ent in reso lu tion  was offset by the ex tra  com plications introduced in the 
analysis when the detec to r su rface was se t a t the approxim ate angle of the focal 
plane.
The sliding shaft can be ro ta ted  so  that the position axis can take 
any angle with re sp ec t to  the z -d irec tion . This fea tu re  is  used in finding the 
cen tre  of the de tec to r and in m easuring  the astigm atism . The position of the 
de tec to r was defined in te rm s  of the co -o rd inates x and y. The value of x was 
m easu red  using v e rn ie r ca lip e rs  and the value of y was m easured  using a sca le  
fixed to  the detecto r-m ount flange and an index poin ter attached to  the sliding 
plate. P a rtic le s  moving along a 61 cm  orb it in  the m agnet w ill focus on the axis 
of the sliding shaft if y = 7. 30 cm. The expression
d = ( x + 14. 83 -  0. 08) cm (1-5. 1)
is  used to  re la te  x to  the d istance d between the de tec to r su rface  and the pole face 
boundary a t r  = 61 cm.
The position-sensitive  detector*  used was 2 cm long, 4 m m  wide and
was fitted with a tan talum  m ask to  avoid edge effects. C are was taken to  m onitor,
and c o rre c t for, any changes that occurred  in the gain of the system . The
p rincip le  of operation of such d e tec to rs  has been described  elsew here (Bo 66,
Cl 66). B riefly, if  a p a rtic le  is incident on the de tec to r a t position P  (fig. 1-5. 3),
a signal corresponding  to the energy of the p a rtic le  is produced at te rm in a l A,
and sim ultaneously a signal of magnitude E = E n /(m  + n) is produced at te rm in a l
P e
B. Thus for p a rtic le s  of a given energy incident on the counter, the spec trum  of 
pu lses from  te rm in a l B re p re se n ts  the position d istribu tion  of p a rtic le s  along the 
length of the counter.
The response  of the de tec to r to  a flux of m onoenergetic a lpha-
p a rtic le s  from  a point sou rce  was m easured . The resu lting  position spec trum  
2
was a l / r  d istribu tion  as  expected, with sev e ra l anom alies, of about 10% of the 
height of the spectrum , superposed  on it. These bumps w ere a ttribu ted  to
* Purchased  from  N uclear Diodes In c .,
Box 135 P ra ir ie  View, Illinois, U. S. A.
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FIG. 1-5. 3. Schem atic drawing of the position sensitive  detector.
ir re g u la r it ie s  in the detec to r m a te ria l and w ere not co rrec ted  for in the 
analysis , except through assigning la rg e r  e r r o r  b a rs  to the position and width 
of groups tha t fell n e a r  them.
1-5. 3 LOCATION OF THE FOCAL PLANE
1-5. 3. 1 Location of a Point on the Focal Plane
To locate a point on the focal plane for a p a rticu la r partic le  energy, 
m onoenergetic p a rtic le s  em itted from  the object position (using e ith e r a s c a tt­
e red  p a rtic le  beam  or a radioactive source) w ere detected  with the position- 
sensitive  detec to r and a pu lse-height analyzer. For a given value of the m agnetic 
field, the value of y was set so that the p a rtic le  group was approxim ately centred  
on the detector. The width w of the group was then observed for various values 
of x. The value of x for which w was a m inim um  was taken to rep resen t a point 
on the focal plane.
The p rocedu re  used can be illu s tra ted  by refe rence  to  re su lts  
using 8. 78 MeV a lp h a-p artic les  from  a ThC' source (half-life 10. 6 hr). The
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f = 27-58 Mc/SEC
8-78 MeV ALPHA PARTICLES
POINT ON 
FOCAL PLANE
x (cm)
(a)
( 2 )  292
CHANNEL
(b)
FIG. 1-5. 4. Location of a point on the focal plane for 8. 78 meV alpha-particles.
(a) Variation of group width w with x. (b) Typical position spectra 
taken at selected points (1, 2 and 3) of upper figure.
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source  was mounted at the ta rg e t spot behind a horizontal 1. 59 mm slit. Fig.
1-5. 4 (a) shows the  varia tion  of w with x and fig. 1-5. 4(b) shows selec ted  position 
sp ec tra  taken  fo r various values of x a t an NMR frequency of 27. 58 MHz. The 
point on the  focal plane is a t x = 8. 76 -  0. 25 cm. To determ ine the corresponding 
value of y it is  n ecessa ry  to  know : (1) the calib ration  of the detec to r in cm /channel 
and (2) the cen tra l chamiel corresponding to  the axis of the sliding shaft. The 
counter was ca lib ra ted  in cm /ch an n e l by moving the sliding plate a fixed distance 
(9. 5 mm) for a fixed m agnetic field  and observing the change in position of the 
group on the de tec to r via the pulse-height analyzer. The procedure is illu s tra ted  
in fig. 1-5. 5. The cen tra l channel was determ ined by com paring a spectrum
8 0 0
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FIG. 1-5. 5. Com posite spectrum  obtained for the position-calibration of 
the  d e tec to r; 9. 5 mm corresponds to  175 channels.
obtained with the  counter in its  norm al position with a spectrum  obtained after 
the shaft (and detector) had been ro ta ted  through 180°. The procedure is illu s -
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tra te d  in fig. 1-5. 6 w here the cen tra l channel is sym m etrically  placed between
f = 27-58 Mc/SEC
8-78 MeV ALPHA PARTICLES
I V , V i ^
CHANNEL
FIG. 1-5. 6. Com posite spectrum  obtained in location of the "cen tra l channel" 
of the  de tec to r: (a) counter in norm al position (b) shaft ro tated  
through 180 . Channel 171 corresponds to  the axis of th e  shaft.
the "leading edges" of the two position spectra . Using these  re su lts  and the 
observed position  of the group on the counter, the y -  co-o rd inate  of the point on 
the focal plane was found to be 7. 20 -  0. 10 cm. The procedure was repeated  for 
sev e ra l d ifferent m agnetic fields thus defining a num ber of points along the focal 
plane and hence the location of the focal plane for these  p a rtic les .
1-5. 3. 2 The Focal P lane for V arious P a rtic le  Energies
The focal plane was a lso  determ ined using the 6. 05 MeV alpha- 
p a rtic le  group from  ThC, and 2. 38 and 5. 00 MeV protons obtained from  s c a tte r ­
ing a proton beam  a t 20° from  a th in  self-supporting  carbon ta rg e t. The re su lts  
of a ll  m easu rem en ts  a re  shown in fig. 1-5. 7. The solid  s tra ig h t line rep resen ts  
a le a s t-sq u a re s  fit to  the data. F o r p a rtic le s  focussing on the optic axis, the
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focal po in t is  at x = 9. 33 -  0. 15 cm, corresponding to  a ra d ia l foca l length 
d^ = 24. 2 ^  0. 3 cm. The f ir s t -o rd e r  theo ry  o f Judd (Ju 50) p red ic ts  d^ = 24. 0 cm  
fo r  a = 0. 5. The angle y (between the focal plane and the no rm a l to the optic 
axis) obtained was 48. 0 - 1 . 0  degrees. In o rd e r to  ca lcu la te y, a second o r th ird
0  8 70 MeV H»+ + ( 8 . '  7 0 2  KGAUSS)  
®  6 03 M«V H» + f  ( B . - 5  8 3  KGAUSS)  
0  2 - 3 0  M«V H *  ( B . -  3 65 KGAUSS)
A  5 0 0  M*V H + ( B . - 3  3 0  KGAUSS)
m e a n  f o c u s
X  x » 9-33 cm.
\  I
MEAN
SPECTROMETER
x (cm)
FIG. 1-5. 7. P o s ition  o f the foca l plane. The so lid  line  represents a least 
squares f i t  to  the data and the dashed line  represents a 
nu m e rica l ca lcu la tion  o f the focal plane.
o rd e r theo ry  m ust be used since rays o ff the optic axis m ust a lso be considered. 
The value fo r  y  ca lcu la ted using the th ird  o rd e r theory o f Judd and Bludman 
(Ju 57) is  58° (see sect. 1-6. 2. 2 fo r  d iscussion).
A method of f i  nding d^ and y  using a num erica l ray  tra c in g  p ro ­
cedure is  given in  sect. 1-6. 6. The values obtained were d^ = 23. 6 -  . 04 cm
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and y  -  49. 2 - 1  degrees. The calculated focal plane is shown as a dashed line on 
fig, 1 -5 .7 ,
T here  is  som e evidence in  fig. 1-5. 7 tha t the position of the focal 
plane v a rie s  with p a rtic le  energy. However, the variation  of w with x (see for 
exam ple, fig. 1-5. 4(b)) is  such that if  a position -sensitive  detec to r w ere mounted 
with d^ = 24. 2 cm  and y  = 48° (solid line in fig, 1-5. 7) the d e te rio ra tio n  in re so lu ­
tion because of varia tion  of the focal plane with energy would be negligible.
The m easurem ents have not been extended to higher p a rtic le  
energ ies because of re s tr ic tio n s  on a cc e le ra to r tim e; in any case m ost ex p eri­
m ental work done with the  sp ec tro m ete r so fa r has fa lle n  within the energy range 
covered by the p re sen t m easurem ents.
The inform ation gained on the position of the focal plane was used 
to design the th re e -d e te c to r  mounting described  in sec t. 1-2. 7.
1-5. 4 MEASUREMENT OF ASTIGMATISM
The position  of the axial (z) focus, d , for p a rtic le s  focussing onz
the m ean o rb it was determ ined  using a p rocedure  s im ila r  to that described, in 
sect. 1-5. 3.1. The m easurem ent was made only for 8. 78 MeV a lp h a-p artic les . A 
m ask with a 0. 79 mm square  a p e rtu re  was placed over the source  and the detec to r 
was ro ta ted  so tha t its  position ax is was p a ra lle l to the z -ax is . The varia tion  of 
w with x for y  -  7. 30 cm  is  shown in fig. 1-5. 8. The ax ial focus is a t x = 5. 08 ^
0. 25 cm, i. e. d^ = 19. 9 ^ 0. 3 cm. A le a s t-sq u a re s  fit to the 8. 78 MeV alpha-
p a rtic le  data only (c irc led  dots in  fig. 1-5. 7(b)) locates the rad ia l focus a t
+ + 
x = 8. 92 -  0. 25 cm, so tha t for th ese  p a rtic le s  the ax ial focus is  3. 84 -  0. 35 cm
c lo se r to the sp ec tro m ete r than is  the rad ia l focus. On the b asis  of a second-
o rd e r expansion of the field ,the astig m atism  is  given by the following rela tionship
(Gr 63) ; d -  d = 370 e, w here c is the e r r o r  allowed in  the field p a ra m e te r a,
1. e. a  = \  + e. F or e = -  0. 02 as specified (see sec t. 1-1. 2) d -  d = -  7 .4  cm,I* z
which is tw ice as la rge  as the m easu red  value of 3. 84 cm. A lternatively, using 
the observed a stig m atism  e = 0. 01 so that a  = 0. 51 (c. f. tab le  1-1. 1). An axial 
focal length of 24. 0 cm  is  p red ic ted  by the f ir s t  o rd e r theory  of Judd (Ju 50). 
N um erical ra y -tra c in g  was not used  to  calcu late  d . Since ray s  diverge very  
slowly in the z -d irec tio n  th is  am ount of astigm atism  does not significantly  affect
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the performance of the spectrometer.
f = 2 7 -5 8  Mc/SEC
8-78 MeV
ALPHA PARTICLES
(z) FOCAL POINT
x ( c m )
FIG. 1-5. 8. Location of the axial focal point. The insert shows a typical 
position spectrum.
1-5. 5 MEASUREMENT OF MAGNIFICATION 
The magnification M is defined as
A oM =
51
where Aq is  the object size  (or a change in the object position) perpendicu lar to 
the optic axis and is  the im age size  (or a  change in the im age position) p e rp en ­
d icular to the optic ax is. It is  desirab le  that M be as sm all as possib le. The 
m agnification was m easu red  using 8. 78 a lp h a-p artic les  from  ThC'. The source  
was m asked by a 0. 79 m m  horizontal s lit and the detec to r positioned a t the focal 
point. Spectra  w ere taken with the source displaced 6. 35 mm above and below 
the beam  level. F rom  the resu lting  displacem ent of the groups along the de tec to r 
su rface  the m agnification was found to  be 0. 81 -  0. 02. The value calculated  from  
Judd’s f ir s t  o rd e r form ula is 0. 83. The m agnification was calculated using 
num erical ray  trac in g  (sect. 1-6. 8) and the value at the focal point was found to  
be 0. 82 -  0 .01.
1-5. 6 MEASUREMENT OF DISPERSION
1-5. 6. 1 Definition of D ispersion
The d isp ersio n  D, which is  the p roperty  of the sp ec tro m ete r tha t 
enables it to  spatially  sep ara te  p a rtic le s  of d ifferent momenta, is defined (En 67) 
as :
D = ö r  p
r  6 p
(1-5. 2)
where ö r  is  the d isplacem ent in the rad ia l d irection  r  
and ö p is  the change in the m om entum  p.
In the calculation of d ispersion  from  m easurem ents,the  definition
D = <5 y (1-5 .3)
R 6 p
was used, w here 6 y is  a sm all change in  the y d irec tion  induced by 6 p. The 
ra tio , p /6  p can be in te rp re ted  as :
P = 2E  
"öp 6~E
w here 6 E is  a sm all change in the energy of the em itted p a rtic le s ;
(1-5. 4)
or
P _  = f 
6 p ö f
(1 -5 .5 )
w here <5f is a sm all change in the NMR frequency induced by changing the m agnetic 
field.
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The dispersion was measured at various points along the focal 
plane, using two methods, both of which use alpha-particles from Thorium.
1-5. 6. 2 Dispersion from the Separation of a Doublet
The separation of the components of the 6. 07 MeV doublet from 
ThC? has been reported (Wa 60) as 39. 25 keV. This value was checked using the 
spectrom eter calibration (described in sect. 1-4. 3) and the result obtained was 
38. 9 - 0. 3 keV. Fig. 1-5. 9 shows a typical spectrum of the 6. 07 MeV doublet
f = 2 2 - 9 3 8  Mc/SEC
6 -0 4 8  MeV
6-087  MeV “
CHANNEL
FIG. 1-5. 9. Position spectrum of the 6. 07 MeV ThC doublet obtained in the 
measurement of the dispersion. The counter calibration is 
1 channel = 0. 163 - 0. 002 mm.
obtained using the position sensitive detector in the focal plane. Assuming the 
energy separation of the groups is 39. 2 ^ 0. 3 keV the dispersion was determined
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using eqs (1-5. 3) and (1-5.4) at several points along the focal plane. The results 
are plotted in fig. 1-5. 10 as a function of y.
1-5. 6. 3 Dispersion from a Change in the Magnetic Field
The change in position, <5y , of the group on the position-sensitive 
detector was observed for the 8. 78 MeV alpha-particle group from ThC’ for a 
change in the magnetic field at various positions along the focal plane. The disper­
sion was calculated at each point using eqs»(1-5. 3) and (1-5. 5), where <5 f was used
DISPERSION MEASUREMENTS
separation of a doublet
from chang« in mognetic field
I-----
OPTIC AXIS
X (cm )
FIG. 1-5. 10. Results of dispersion measurements. The solid curve represents 
a numerical calculation.
as a measure of the change in magnetic field. These results are also shown in 
fig. 1-5. 10.
1-5. 6.4 Results and Interpretation of the Dispersion Measurements
The average of the results from the two methods for y = 7.2 cm (at 
the focal point) is D = 3. 58 - 0. 07. This agrees well with the value of D = 3. 62 - 
0. 09 calculated from the first-order theory of Judd (Ju 50) using the magnification, 
M = 0.81 - 0. 02, and the field parameter a = 0. 50 - 0. 01.
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In fig. 1-5. 10 the solid curve was calculated! using num erica l ray  
trac in g  (described  in sect. 1-6. 7). The value for the d ispersion  at the focal 
point is  3. 79.
The value for D /M , which is  proportional to the reso lv ing  power,
(see sect. 1-5. 7) is  4. 42 - 0. 08 for D = 3. 58 -  0. 07 and M = 0. 81 -  0. 02. It is  
desirab le  that th is  quantity b e as la rge  as possib le  (En 67).
Two possible explanations for the s c a tte r  of the experim ental points 
in fig. 1-5. 10 a re  :
(1) During the course  of these  m easurem ents the position -sensitive  de tec to r
system  was plagued with gain changes (which w ere eventually tra c ed  to 
an unstable pow er supply). Although considerable ca re  was taken  to 
m onitor and c o rre c t for the changes it is  possib le  they contribute to  the 
sca tte r . The v e rtic a l e r ro r  b a rs  do not re flec t th is  uncertain ty  in  gain.
(2) Unfortunately, the cen tre  of the detec to r was not determ ined when the
d isp ersio n  was being m easured . Hence, the values for y in fig. 1-5. 10 
re fe r  to the  cen tre  of the sliding shaft, w hereas the actual y -value for the 
group could be out by as much as -  0. 7 cm because the d istance the 
group was moved during a d ispersion  m easurem ent was about 0. 6 cm  
and one of the  positions of the group could have been n ea r the end of the 
detec to r, 1. 0 cm  from  the shaft cen tre . This uncertain ty  in  the y -position  
is  shown by the horizon tal e r ro r  b a rs .
1-5. 7 MEASUREMENT OF RESOLVING POWER
The energy reso lv ing  power for a sp ec tro m ete r can be defined as :
E fR. P - ___  = ___
<5 E 2£f
where f is  the NMR frequency and the re la tionsh ip  between E and f was approx i­
m ated by E = kf2 (see eq. 1-4. 1) over the energy region 6 E.
The reso lv ing  pow er was m easured  using 8. 78 MeV a lp h a-p artic les  
from  a fresh ly  p rep a red  Thorium  source m asked by a 0. 79 mm ap ertu re . Spectra  
obtained from  various settings of the sp ec tro m ete r s lits  a re  shown in fig. 1-5. 11. 
In each case  the full width a t ha lf m axim um  (FWHM) in frequency for the group
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was obtained from  the FWHM in channels of the position spectrum . The calib ration  
of the d e tec to r in te rm s  of frequency per channel was achieved by observing the 
d isplacem ent of a group fo r a change in the m agnetic field corresponding to  a 0. 05 
MHz frequency change. As indicated ip fig. 1-5. 11 the reso lv ing  power, R. P. , 
(called R in  the diagram ) varies  from  760 -  40 with the s lits  at full ap ertu re  to
-4"
1110 -  85 a t the sm allest s lit  settings used.
7 6 0  ± 4 0 8 5 0  t  45 R •  8 8 0  ± 50 R * 1110 t  85
6Ö O  -
IOOO- 400-
400
200500
Ui 200 200 -
CHANNEL
FIG. 1-5. 11. Resolution m easurem ents using 8. 78 MeV a lp h a-p artic les  from
ThC’ (f = 27.58 MHz). The angles 4» and -0- rep re sen t the half angles sub­
tended by the sp ec tro m ete r entrance s lits  (see sect. 1 -3 .4 . 3 for definition). 
For case  (b), the source was m asked by a 0. 79 mm horizon tal s lit and 1 
channel corresponds to 1. 37 x 1 0 MHz;  fo r the o ther th ree  cases, the 
m ask  was a 0. 79 mm square  ap ertu re  and 1 channel corresponds to 
1.45 x 10-4 MHz.
In the absence of aberra tions the relationship  between the resolving 
power R. P . , the object size Aq , the d ispersion  D, the m ean rad ius R and the 
m agnification M as given by Enge (En 67) is  :
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F or A = 0. 79 -  0. 01 mm, D = 3. 58 -  0. 07, R = 61. 0 cm, and o +
M = 0. 81 -  0. 02, the value for the reso lv ing  power, R. P. = 1700 -  50.
The fact tha t th is value is  somewhat la rg e r  than the b est experim ent­
a l value of 1100 indicates that ab erra tio n s  a re  im portant even at the sm allest s lit 
settings although energy sp read  in the source, m agnetic field instab ilities  and 
non -lin ear response  of the position -sensitive  detec to r would a lso  contribute to a 
de te rio ra tio n  in the resolution.
1-5. 8 MEASUREMENT OF THE SOLID ANGLE
The solid  angle of the sp ec tro m ete r was m easured  a fte r installation  
of the a n ti- s c a tte r  b a ffle s  and the NMR re c e ss . A Thorium  source, m asked by a 
0. 79 m m  square  apertu re", was p laced a t the ta rg e t spot and the count ra te  for the 
8. 78 MeV a lp h a-p artic les  passing  around the sp ec tro m ete r was com pared with the 
count ra te  observed through an ap e rtu re  of accura te ly  known solid  angle. The 
value obtained for the solid  angle was 13. 0 -  0. 3 m sr. As expected (see sect.
1-4. 1) th is  is som ewhat low er than the design value of 15 m sr  due to  the p resence  
of the NMR re c e ss .
The solid, angles fo r the upper and lower halves of the vacuum box 
(divided at r  = 61 cm) w ere a lso  m easured  and found to be equal (within ex p eri­
m ental e r ro rs ) . This re su lt is  consisten t with the calculated effect of the p ro ­
tru s io n  of the NMR re c e s s ; if  th e re  w ere no re c e s s  the upper ha lf of the vacuum 
box should have a solid  angle la rg e r  by about 15% because the vacuum box is  
trapezo idal in shape (see fig. 1-2. 2).
The movable position -sensitive  detec to r mount could a lso  have been 
used  to  m easu re  the solid  angle as a function of position along the focal plane.
This m easurem ent is  n ecessa ry  in  o rd e r to u se  the th re e -5  cm  long detectors 
effectively.
1-5. 9 MEASUREMENT OF HYSTERESIS
The h y s te re s is  of the system  was m easured  using the 8. 78 MeV 
a lp h a-p artic le  group from  ThC*. The re su lts  a re  shown in  fig. 1-5. 12. With
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FIG. 1-5. 12. M easurem ent of h y s te re s is  using 8.78 MeV a lpha-partic les . The 
field was increased  from  zero  to 27. 58 MHz (about 7 kG) to 
produce A, then in creased  to  13 kG and a fte r a few m inutes 
re tu rned  to 27. 58 MHz to  produce B, then reduced to zero  and 
re tu rned  to 27. 58 MHz to produce C.
the  de tec to r se t a t x = 8. 89 cm and y = 7. 30 cm, the field was increased  from 
zero  to an NMR setting  of 27. 58 MHz (B o ~  7. 0 kG), giving the  spectrum  labelled 
A. The field was then in creased  to  13 kG, and a fte r a few m inutes, re turned  to 
27. 58 MHz to  give the spectrum  labelled B. The shift in position between A and B 
corresponds to  a  fractional frequency change, <5f/f of about 1/1250. The field 
was then reduced  to  zero  and re tu rned  to 27. 58 MHz; the resu lting  spectrum  C 
is  displaced from  the orig inal spectrum  A by an amount corresponding to 
<5f/f < 1/12500.
1-5. 10 CONCLUSION
The method of m easuring  p ro p e rtie s  of a  spec trom eter using a 
positio n -sen sitiv e  detec to r has proven to  be very sa tisfac to ry . A sum m ary of
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the re su lts  obtained is  given in tab le  1-5. 1.
Com pared with other methods the procedure used h e re  is  co n sid er­
ably le ss  tedious and was adequate for the purposes. The detec to r mount has 
since been used in sev e ra l experim ents. All things being considered, it is  felt 
that th is  m ethod provides a m ost convenient way to m easu re  the p ro p ertie s  of 
the sp ec tro m ete r.
TABLE 1-5. 1
Sum m ary of Spectrom eter P ro p ertie s
P ro p erty
Calculated Value
m easured
Value From  F irs t  
O rder Theory 
(Ju 50 )
F rom  
N um erical 
Ray T ra c ­
ing (sect. 1-ff)
Solid Angle (m sr) 13. o t  0 .3 a15. 0 -
Radial Focal length d^ (cm) 24.2 t  0. 3 24. 0 23. 6 -  0. 04
Axial Focal length d^ (cm) 19. 9 0. 3 24. 0 -
Angle between focal plane and 
Norm al to  m ean ray  (degrees) 48. 0 -  1. 0 _ 49. 2 - 1 . 0
M agnification 0£81 -0 . 02 0. 83 0182 J  0. 01
D ispersion 3. 58 -0 . 07 3. 62 -  0. 09 3. 79
Resolving Pow er
(a) a t full so lid  angle 760 -  40 - -
(b) a t l / 8 th  solid  angle 1110 -  8 5 + b 1700 -  50 -
H yste res is : R eproducibility  of 
position of group when field is  
taken
(a) to  m ax field and back 1/2500 - -
(b) to zero  field  and back 1/25000 - -
C alculated assum ing the full ap ertu re  of the vacuum box is used 
Calculated assum ing zero  ab erra tio n s  using form ula given by Enge (En 67).
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1-6 NUMERICAL RAY-TRACING METHODS FOR THE 
CALCULATION OF SPECTROMETER PARAMETERS
1-6. 1 INTRODUCTION
It would be desirable to be able to accurately calculate the spectro­
meter parameters mentioned in sect. 1-5 and thus eliminate expensive and tedious 
measurements. Several methods of calculating the parameters are given in the 
literature.
One approach is to analytically solve the equations of motion of the 
particles in the field and calculate the parameters from these solutions.
Another approach, which was used in the present work, is to solve 
the equations of motion numerically to define the various trajectories of particles 
passing through the magnetic field. The desired parameters are then calculated 
in a manner similar to that used for experimental ray tracing.
1-6.2 ANALYTICAL METHODS
Since the equations of motion are mathematically intractable as they 
stand, terms in 1 /r  are usually expanded in a Taylor series about r = R. The 
higher order terms in (r-R) are then neglected in order to obtain a solution.
1-6. 2. 1 Retention of First-Order Terms only
In order to justify neglecting second order and higher terms in
(r-R), the trajectories are assumed to lie close to the optic axis. This first-
order approximation was used by Judd (Ju 50) to calculate parameters such as
d , d , D, M and , which do not rely on focussing off the optic axis, r z
1-6. 2. 2 Retention of Higher Order Terms
Judd and Bludman (Ju 57) consider the effect of fringing fields as 
well as second and third order terms in (r-R). In principle, since trajectories 
off the optic axis are allowed, the position (i. e. d^  and y) of the focal plane can 
be calculated using this theory. However, in order to simplify calculations, the 
image and object distances were assumed to be equal. This approximation is 
possibly the reason that, for the ANU spectrometer, the calculated value of 58° 
for y  differs from the measured value of 48°.
The difficulty with these higher order approximations is, that, in
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order to achieve a solution, sim plifying assum ptions m ust be m ade which cause 
ce rta in  derived p a ra m e te rs  to be of lim ited accuracy. T heir usefu lness, e. g.
(Ju 57) and (Ik; 58), lies  in  the fact that they point out general featu res that a re  
n ecessa ry  to  consider when designing a spectrom eter.
1-6. 3 NUMERICAL METHODS
N um erical in tegration  of the exact equations of motion provides 
inform ation s im ila r  to  that provided by ray -trac in g  using a p a rtic le  beam . This 
approach is  a lso  open to  various degrees of approxim ation in  the expression  used 
for the m agnetic field.
1-6. 3, 1 Use of an E xperim entally  M easured M agnetic F ield
F re iesieben  et al. (F r 67) m easured  the m agnetic field of a sp ec tro ­
m ete r accu ra te ly  over the whole region and used it in  a num erica l solution of the 
equations of motion. The values obtained from  th is  num erical ra y -trac in g  w ere in 
excellent ag reem ent with th e ir  experim ental m easurem ents.
1-6. 3. 2 Use of an Analytic E xpression  for the M agnetic F ield
Since a detailed  m easurem ent of the m agnetic field is  a lm ost as 
laborious as experim en tal ray -trac in g  operations, it would be d esirab le  to  u se  an 
analytic exp ress io n  for the m agnetic field in the num erical solution of the equations 
of motion. This is  the approach that was adopted for the calculations p resen ted  
here.
The aim s of the p re sen t work a re  d ifferent from  those of F re ie s ieb en  
et aL : h e re  the object was to choose the sim plest expression  for the m agnetic 
field consisten t with a re liab le  p red ic tion  of the spec tro m ete r p a ram ete rs , w here­
as F re ie s ieb en  et al. used the detailed  m easurem ent of the field in an effort to 
obtaih an absolute calibration; fo r the spec trom eter.
In the p re sen t case , the expression  fo r the m agnetic field given by 
eq. (1-1. 1) was used. The values for a  and ß  w ere 0. 50 and 0. 34 respective ly  
(see sec t. 1-1. 2 and tab le  1-1. 1). The fringing field was approxim ated by a step 
function, i. e. the m agnetic field  was assum ed to  extend to a v irtua l boundary 4. 8° 
outside the pole tip  a t r  = R as  shown in figs. 1-3. 3 and 1-6. 1. This is the angle 
through which the sp ec tro m e te r was tilted  to c o rre c t for the bending effect of the
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INCIDENT TRAJECTORY
TARGET
POLE TIP
VIRTUAL FIELD BOUNDARY- 4-1
FOCAL PLANE
EMERGING TRAJECTORY-^
FIG. 1-6. 1. Diagram of magnetic fie ld region of spectrometer with the geometrical 
relationships used in  the numerical ray tracing. Note that the co­
ordinate system (X, Y) is different from  the (x, y) system used in the 
measurements in sect. 1-5. The transformation is :
X = (x + 9. 50 - 0. 05) cm , Y = (y -  7. 30 -  0. 05) cm 
The relationship between X and the distance d to the pole face at 
r  = 61 cm, analogous to eq. (1-5. 1) is d = (X + 5. 33 -  0. 05) cm.
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fringing field. Note that the two c ross-ha tched  a re as  in fig. 1-3. 3 a re  approxi­
m ately equal. The v irtual field b oundary was assum ed to  follow the curvature  of 
the pole tip  as shown in fig. 1-6. 1.
1-6. 4 THE EQUATIONS OF MOTION
This section is  concerned with setting up the equations of motion for 
num erical solution. Although it is  not n ecessa ry  to  consider m otion off the m edian 
plane to calcu late  m ost of the p a ram ete rs , it is  useful to s ta r t  with the equations 
for motion in  both the rad ia l and axial (or tran sv erse ) d irections and then to 
introduce the sim plifications that re su lt from  motion in the m edian plane.
The exact equations of m otion in cy lindrical co-ord inates (r, 0; z) as 
given by Schull and Dennison (Sc 47) a re  :
*2r  = r0 r0 f f  Bz (r, z) , 
m
(1-6. 1)
•• * Zez = r0 B (r, z) , (1-6. 2)
m
2 k 2 to to (1-6. 3)v = r  + (r0) + z
where Ze is  the charge of the p a rtic le , 
m  is  the m ass,
B (r, z) is  the z-com ponent of the m agnetic field, z
B^ (r, z) is  the r-com ponent of the m agnetic field, 
and v , the speed of the p a rtic le , is  a constant of the motion.
The m agnetic field components can be expressed  in te rm s  of B^, the m agnetic 
field at r  = R on the median plane, and a function of r  and z as
Bz (r ,z)  -  Bo F( r , z ) ,  (1-6.4)
and B^ (r, z) = B^ G(r, z). (1-6. 5)
The equations of motion a re  given in te rm s  of the m agnetic field, 
the charge, m ass and velocity of the p a rtic le , and the flight tim e in the sp ec tro ­
m eter. They can, however, be put in a m ore  convenient form  in which they a re  
expressed  in te rm s  of the path -leng th  in the spec tro m ete r and a dim ensionless 
ra tio  incorporating  both the m agnetic field and the p a ram ete rs  of the partic le .
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The magnetic rigidity p of a particle in a magnetic field is defined as
p -  B R -   ^ o
mv
where R is the radius of the path through the field. For particles that are emitted 
from the object position and focus on the optic axis of the spectrometer, the mag­
netic rigidity is given by p^  = B  ^R and rigidity of a particle entering the spectro­
meter is given by p  ^ = mv/Ze .
Thus
Ze B p„ vo -  r f
^b
= K 
R R
(1- 6. 6)
where the ratio K, is a dimensionless number. Only for K = 1 i. e. P£ = Pp » will 
particles, which enter the magnetic field from a point on the optic axis, focus on 
the optic axis.
With the use of the general relationship
dsv =
derivatives such as r become
r = d2r 2 d2r
and eq. (1-6. 3) can be written as
(I) * '2<sj * Cij (1-6. 7)
With these results and eqs (1-6.4) , (1-6. 5) and (1-6. 6), the equations of motion 
reduce to :
dr = u , 
ds
2 2du = ( 1 - t U -  ( j j  )
dz
ds
_K (1 - u2 - J ) 2  F(r, z), 
R
(1- 6. 8)
(1-6. 9)
(1- 6. 10)
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do; = 2 2 \(1 - u - uo ) G(r, z) , (1-6. 11)
ds R
and d0 =
, 2 2  i(1 -  u  -  CO ) (1-6. 12)
ds r
This system of first-o rder differential equations is in a convenient 
form for numerical integration. These equations are quite general and can be 
used for any form of the magnetic field components provided these components can 
be expressed in term s of and a function of r  and z.
Schull and Dennison (Sc 47 and Sc 47a) give second-order expressions 
for the components that are valid off the focal plane:
B (r, z) =
Zj
Bo F(r, z)
„ b r  i (r - a
2 2- R) (r - R) _ z ,
ß - a ')'] (1-6. 13)o L —— ——— —■ —— \^ 2 2 v. —  X J
R R R 2
and B^(r, z) = Bo G(r, z)
- B z o
a ♦ 2ß <r - R> 1 ,
9  -*
(1-6. 14)
R R2
where eq (1-6. 13) reduces to eq. (1-1. 1) on the median (z = 0) plane as required 
in the present case.
The first-order equations of motion as used by Judd (Ju 50) are 
derived from these equations in Appendix 2.
1-6. 5 SOLUTION OF THE EQUATIONS OF MOTION
As mentioned previously, motion in the median plane only will be 
considered. The justification for neglecting axial focussing lies in the fact that it 
does not affect the momentum analyzing properties of the spectrometer. Axial 
focussing must be considered only if the astigmatism is to be calculated; however, 
the additional lkfeour involved was not considered to be justified.
For motion in the median plane, z = to = 0 and the equations of 
motion reduce to :
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and
w here F(r)
d r -  u , 
ds
du = 
ds
d6 = 
ds
1 -  O'
2(1 -n  } 2 .4
(1 - u  )
R
2b
(1 -  u f
r
(r-R)
R
+ ß
(r-R )'
R2
F(r) ,
(1-6.8) 
(1-6. 9a) 
(1-6. 12a) 
(1-6. 13a)
These equations w ere solved using standard  subroutines supplied by 
International B usiness M achines (IBM 67) for use with the IBM 360/50  com puter. 
Both Runge-Kutta (subroutine RKGS) and Ham m ing’s modified p red ic to r c o rre c to r 
(subroutine HPCG) methods w ere used. F o r the sam e specified accuracy the 
answ ers w ere identical for both methods but HPCG ran  one-th ird  fa s te r than 
RKGS.
In o rder to solve the equations num erically , in itia l values for r, u, 
d u /d s , 0 and d e /d s  m ust be specified. This step is  equivalent to applying bound­
ary  conditions to analytical solutions. G eom etric re la tionsh ips between the various 
quantities shown in fig. 1-6. 1 w ere derived  in o rd e r io  specify these  starting  
values. The position of rays em erging at the im age end of the spec trom eter was 
defined in the C artesian  co-ord inate sy stem  (X, Y), shown in  fig. 1-6. 1, which 
has the sam e orientation as the one used  for m easurem ents (sect. 1-5. 2). The 
re lationships necessa ry  to  specify the s ta rtin g  values and the position of the 
em erging rays a re  given in Appendix 1-3.
A com puter p rogram  was w ritten  to calculate  the s ta rtin g  values, 
call the num erical in tegration subroutine (e ither RKGS or HPCG) and p rin t out the 
re su lts  of the ray  tra c e  both inside the m agnetic field and in the im age co-ord inate 
system .
The method used to calcu late  spec tro m ete r p a ram ete rs  from  the ray  
trac ing  re su lts  is given in the following sections.
These equations can be used  to  p red ic t the behaviour of a partic le  
beam  entering the sp ec trom eter along the optic axis. The conditions for which 
the beam  intercepted the inner and outer w alls of the vacuum box w ere used when
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the a n ti-sca tte r  baffles w ere designed (sect. 1-2. 2). The rad ia l position of the 
beam  at 0 = 26. 75° as a function of K was calculated in o rd e r to plot the th eo re t­
ical curve for the position of the beam -ca tch er (sect. 1- 2. 2).
The equations can also  be used, with slight m odifications, to calcu­
late the conditions n ecessary  for a beam  entering the sp ec trom eter through the 
back of the vacuum box to s trik e  the ta rg e t  at 180° to the en trance apertu re . This 
ra th e r im portant application is  considered in Appendix 1-4.
1-6. 6 CALCULATION OF THE POSITION OF THE FOCAL PLANE
In o rd er to calculate  a point on the focal plane, a num ber of t r a je c t­
o ries o r rays (e. g. in 1° steps of the incident angle 77 as defined in fig. 1- 6. 1 and 
sect. 1-A3. 2 of Appendix 3 ) a re  used.
The focal point is  taken to be the centro id  of the in tersec tion  points 
of the em erging rays as shown in fig. 1-6. 2. F or N em erging rays, there  a re
SPECTROMETER
EMERGING RAYS
CENTROID OF INTERSECTIONS
X ( c m )
FIG. 1-6. 2. D iagram  illu s tra tin g  em erging ray s  from  a ray  tra c e  to find a 
point on the focal plane for K = 1. 00. The co-o rd inate  system  
is  defined in fig. 1-6. 1. The Y -scale  has been expanded for 
clarity .
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(N-l) N/2 intersection points. To define the focal plane a number of values of K 
are used. The results are shown in fig. 1-6. 3 where the straight line represents 
a least squares fit to the data. This result has already been compared with the 
experimentally determined focal plane in fig. 1-5. 7 (see sect. 1-5. 3. 2). The 
error bars on the calculated points arise because, due to the limited amount of 
computer time available, only a finite number of rays were used for each point. 
The number of rays depends on the size Ai? of steps in rj and the size of the radial 
aperture. For the points in fig. 1-6. 3, At] was chosen to be 1° and the radial
8
4
0
>-
- 4
8
8 12 16 20 24  28 30
X (cm)
FIG. 1-6. 3. Calculated position of the focal plane constructed from data similar 
to that presented in fig. 1-6. 2.
aperture was chosen to be the same size as the vacuum box, so that on an average, 
11 rays were used.
CALCULATED FOCAL PLANE
\
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3
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1 1.03 10
2 1.02 II
3 1.01 II
4 1.003 II
5 1.00 12
6 0.9 93 II
7 0.99 II
8 0.98 II
9 0.97 K>
\
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1-6. 7 CALCULATION OF THE DISPERSION
The d ispersion  was defined in sect. 1-5. 6.1 as
_ 6 r  pD = ______ _ .
r  6p
Since, from  eq. (1-6. 6) ,
it follows that
K = p f 
ph
B R Ze o
P
6 p _ 6 K
(1-5. 2)
(1-6. 15)
and a definition of the d ispersion  equivalent to that used in sect. 1-5. 6. 1 is
D = 6 Y 6 K
"5 "  ~k"~
(1-6. 16)
where 6Y is  the change in Y induced by a change in K from K  to K , 6K = K -  K
1 Z ±  c i
and K = (K + K ) /2 .
1 C i
With the use of th is definition the d ispersion  as a function of Y, as 
shown by the solid curve in fig. 1-5. 10, was calculated  from  the inform ation used 
to define the focal plane in fig. 1-6. 3.
1-6. 8 CALCULATION OF THE MAGNIFICATION
The m agnification M was defined in  sect. 1-5. 5 as the ra tio  of object
size to im age size  and was m easured  (sect. 1-5. 5) by ra ising  and lowering a source
at the ta rg e t position and noting the change in Y at the detec to r position. In the
presen t case, the source was ra ised  and lowered by changing the angle >F, as
■f o
defined in fig. 1-6. 1, by -  2 and noting the change, 6 Y, of the focal point for a 
given value of K.
The m agnification was found to be constant along the focal plane, 
i. e. as a function of Y. The value obtained was 0. 82 ^  0. 01, which ag rees well 
with the experim ental value of 0. 81 -  0. 02.
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1-6» 9 CONCLUSION
By using a num erical ray  trac in g  technique with an analytic ex­
p ression  for the m agnetic field, the location of the focal plane, the d ispersion  
and m agnification w ere calculated using a num erical ray  trac in g  technique and 
found to be in good agreem ent with the experim ental m easurem ents. It is co n sid er­
ed that calculations, s im ila r to  those outlined in th is  section, can be used to 
p red ict values of essen tia l sp ec tro m ete r p a ram ete rs  with sufficient accuracy to 
produce sa tisfac to ry  perform ance.
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1-7 CONCLUSION
Since becoming operational, the sp ec tro m ete r has been used for a 
num ber of experim ents, some of which a re  described  in chapters 2 and 3 of th is 
th esis . In general, the perform ance of the spec tro m ete r has been good and it has 
proven to be a re liab le  instrum ent. In p a rticu la r, the vacuum system  has been 
rem arkably  free  of leaks even though components such as  ta rg e t cham bers have 
been changed frequently. The beam  handling system  has proven to  be quite 
adequate, with high transm ission  efficiency, in spite of its  sim plicity . Possib ly  
the weakest component in the system  is the pow er-supply control c ircu it which is 
given to  occasional periods of instability . Even though the faults a re  easy to find, 
a m ore re liab le  system  would be desirab le . The calib ration  has been tested  for a 
num ber of p a rtic le s  a t various energ ies and found to  be adequate for group identifi­
cation.
Use of the sp ec trom eter over a period  of tim e  has revealed sev era l 
inadequacies that w ere not apparent during developm ent. F or example:
(1) The NMR re c ess  was located at the en trance end of the sp ec trom eter to 
make a la rg e r  a rea  of the focal plane available for p a rtic le  detection. 
However, in th is  position the re c e s s  pro trudes inside the maximum 
p artic le  tra je c to r ie s  (fig. 1-2. 1) and hence reduces the effective solid 
angle. The NMR recess  can be moved outward to reco v er m ost of 
this solid angle but th e re  is a m arked d e te rio ra tion  in the quality of 
the NMR signal. These difficulties can be overcom e by locating the 
recess  at the exit end of the spec trom eter. The m ain problem  with 
locating it at the exit is  that the solid  angle for one end of the focal 
plane would be decreased . However, in view of the fact that until 
now only the cen tra l portion of the focal plane has been used, it would 
seem  reasonable to  sac rifice  the solid  angle on one end in o rd er to 
increase  the solid angle for the rem ainder of the focal plane. Possib ly  
a re c e ss  could have been provided a t both the entrance and exit ends 
so that the location of the NMR re c e ss  could be chosen depending on 
the application.
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(2) Because of the inadequacies of the beam  catcher now available (sect. 1-2. 2), 
provision should have been made for a beam  catcher in the s lit box outside 
of the m agnetic field since much of the work planned for the spectrom eter 
involves operation at 0°.
CHAPTER 2
BRANCHING RATIOS OF SOME A1 BOUND STATES 
2-1 INTRODUCTION
Over the past few y ea rs  th e re  has been much theo re tica l and ex p eri-
27m ental in te re s t in the p ro p ertie s  of the bound s ta tes  of Al ,e . g. (Bh 6 2 , 'L a  64,
Op 64, Th 65, La 67, Le 67, Sh 67 , and Ev 67). In assess in g  the applicability
27of various nuclear models to Al, and as a guide to  spin assignm ents, it is  of 
value to  know the gam m a-ray  decay schem es for as many of these  s ta tes  as 
possib le.
27A num ber of authors have m easured  the branching ra tio s  of Al
27 27s ta te s  by populating them  via a p a rtic le -em ittin g  reaction  (e. g. Al(p, p T) Al*).
27B ecause of p ro lific  gam m a rad iation  from  the low-lying levels of Al and from
27 24com peting reactions (e. g. A ^p,#) Mg), the  de-excitation  rad ia tion  from  a 
p a rtic u la r  level m ust be observed in coincidence with the associated  p artic le  group. 
In cases  w here the levels studied a re  re la tive ly  closely  spaced, the resolution of 
a solid s ta te  su rface  b a r r ie r  de tec to r may not be adequate to  elim inate co n tri­
butions from  nearby groups and hence ensure  that the gam m a-ray  spectrum  contains 
components associated  with only one level. This is  p a rticu la rly  tru e  of the work of 
W akatsuki et al. (Wa 66). This p rob lem  can be largely  overcom e using a h igh-
reso lu tion  m agnetic sp ec trom eter as  the p a rtic le  detector. This chap ter d esc rib es  
27a m easurem ent of Al branching ra tio s  using the ANU 61 cm  double-focussing 
m agnetic spec tro m ete r described  in chapt. 1 in conjunction with a 12. 7 cm x 10. 2 
cm Nal (Tl) gam m a-ray  detector.
The development of Ge(Li) gam m a-ray  d e tec to rs  has g rea tly  in c re a s ­
ed the usefulness of p a rtic le -cap tu re  reaction  studies for the determ ination  of 
bound-sta te  branching ra tio s . B ecause these  d e tec to rs  a re  capable of high re so lu ­
tion and p re c ise  energy m easurem ent, it is often possib le  to  unravel decay schem es 
from  a single gam m a-ray  spectrum  in which many levels a re  populated. Huang
and Ophel (Hu 68) in th is laborato ry , and van d er Leun et al. a t U trecht (Le 67),
27have used Ge(Li) de tec to rs to study Al bound s ta tes  via the reaction
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26 27Mg(p,y) AI. However, because of the complexity of the spectra produced,
Ge(Li) detectors are of limited value in establishing the intensity (and sometimes 
even the existence) of the weaker branches of levels. An example of this is the 
branching of the 3. 95 MeV level for which van der Leun et al. (Le 67) report only 
a ground-state transition, whereas weak, but significant, branches to other levels
have been observed using the present method (sect. 2-5. 1). Moreover, many
27 26 27levels of Al are populated weakly or not at all at resonances of the Mg(p, y)  ^ Al
reaction.
2-2 EXPERIMENTAL PROCEDURE
27Branching ratios were measured for Al levels at excitation energies
E of 2. 21, 2.73, 2f. 98, 3.00, 3.68, 3.96, 4.05, 4.41, 4. 51 and 4. 58 MeV. An
27energy level diagram for Al is shown in fig. 2-2. 1. Initially, it was hoped to 
24 27use the reaction Mg^, p) Al for all of the levels in preparation for the angular
correlation studies described in chapt. 3; however several levels were only weakly
27 27populated in this reaction, and in such cases the reaction Al(p,pT) Al* was used.
Beams of protons and doubly-charged helium were obtained from the
24 . 2ANU tandem accelerator. The Mg target consisted of approximately 40 ß g /cm
24 2 27of enriched Mg deposited on a 15 ß g /cm  carbon foil. The Al target was self-
2
supporting and approximately 60 ß g /cm  thick. Both targets were prepared by 
vacuum evaporation onto a soluble substrate followed by stripping on a water sur­
face.
Particles were detected with the 61 cm double -focussing magnetic 
spectrometer described in chapt. 1. The particle detector used in the focal plane 
of the spectrometer was either a conventional surface barrier detector, (sect.
1-2. 7) or a 2 cm long, 4 mm wide position-sensitive surface barrier detector 
(sect. 1-5. 2). The 12. 7 cm x 10. 2 cm sodium iodide gamma detector was mounted 
with its axis vertical and its front face 4. 1 cm above the target spot as shown in 
fig. 2-2. 2. A 9. 5 mm thick steel plate supported the crystal in the top of the 
continuously-variable-angle target chamber. For each level studied, the bombard­
ing energy and the angular setting of the magnetic spectrometer were chosen to 
give optimum yield. Pulses from the gamma-ray detector were recorded by a 400
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FIG. 2-2. 1. Energy level diagram for 
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12.7 cm DIA.x 
10.2 cm LONG 
Nal(TI) CRYSTAL
TARGET \ 
CHAMBER
SUPPORT PLATE
4.1 cm
BEAM c=> SPECTROMETER
TARGET
FIG. 2 -2 .2 . Schematic d iagram  of the ta rg e t chamber, Nal gam m a-ray detector 
and spectrom e te r apertu re  used fo r the branch ing ra tio  m easure­
ments.
channel pu lse -he igh t ana lyser i f  they were in  coincidence w ith  p a rtic le s  populating 
the p a r t ic u la r  le ve l under investigation. The e lec tron ic  equipment was conven­
tiona l; ze ro -c ro s s o v e r t im in g  was used w ith  coincidence reso lv ing  tim es in  the 
range fro m  50 to  100 nsec.
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2-3 SPECTRUM ANALYSIS
The spec trum  analysis  is d iscussed  in detail in appendix 2-5; b riefly  
the method is as follows. A num ber of coincidence spec tra  w ere obtained for each 
level studied. The individual sp ec tra  for a given level w ere adjusted to  a common 
gain using a h is tog ram  red is trib u tio n  p rogram  and sum m ed to  form  a com posite 
spectrum . C onstructing these  com posite sp ec tra  was a tedious and tim e-consum ing 
procedure  because of gain sh ifts  due to  e lectronic instab ilities. Lineshapes c o r re s ­
ponding to the component gam m a-rays w ere fitted to the spectrum  using a linear 
least sq u ares  fitting p rogram . The lineshapes used in the fit w ere generated  by 
linear in terpo lation  betw een adjacent p a irs  of a se t of carefu lly  m easured  m ono- 
energetic  lineshapes which covered the energy region of in te rest. R elative 
in tensities of the components obtained from  the p rogram  took into account the 
energy dependence of the  c ry s ta l detection efficiency and the absorption by m a te r­
ia ls  betw een the ta rg e t and the c ry sta l. C orrections for random  coincidences were 
made by sub tracting  the sing les spectrum , appropria te ly  norm alized, from  the 
coincidence spectrum . The norm alization  was determ ined e ith e r by d irec t 
m easurem ent o r by including the singles spectrum  as a lineshape in the fitting 
program . R esults obtained using the two procedures agreed  sa tisfac to rily . For 
levels with a weak o r non-ex isten t g round-sta te  tran sitio n  (i. e. the 3. 68, 4. 05 and 
4. 51 MeV levels), co rrec tio n s  w ere made for summing produced by coincident 
detection of cascade  gam m a rays; the sum  spectrum  was calculated using the 
lineshapes of prom inent cascade  m em bers obtained from  a p re lim inary  fit. Upper 
lim its  for the  in tensities  of weak tran s itio n s  w ere estim ated  by adding lineshapes 
of the  app rop ria te  energy to  the spectrum  obtained from  a fit and noting the inten­
s itie s  a t which th ese  ex tra  components changed the fit significantly.
2-4 RESULTS
Coincidence gam m a-ray  sp ec tra  for a ll levels studied a re  shown in 
figs. 2-4. 1, 2-4 . 2, 2-4. 3, 2-4. 4 and 2-4. 5. Spectra from  which random s have 
been sub tracted  a re  labelled  accordingly. The solid curves rep re se n t the fits to 
the data obtained from  the lineshape analysis. The re su lts  shown for the 3. 68,
4. 05 and 4. 51 MeV levels a re  those obtained before  summing co rrec tions w ere
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FIG. 2-4, 1. Coincidence sp ec tra  obtained for the 2. 21 and 2. 73 MeV levels.
The points rep re se n t the experim ental data and the solid  lines 
rep resen t the lineshape fit. E r ro r  b a rs  a re  shown on selected
points.
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FIG. 2-4. 2. Coincidence spectra obtained for the 2. 98 and 3. 00 MeV levels.
The points represent the experimental data and the solid lines 
represent the lineshape fit. Error bars are shown on selected 
points.
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FIG. 2-4. 3. Coincidence sp ec tra  obtained fo r the 3. 68 and 3. 96 MeV levels.
The points rep re sen t the experim ental data and the solid lines 
rep resen t the lineshape fit. E r ro r  b a rs  a re  shown on selected  
points. The 3. 68 MeV spectrum  shows the data and fit before 
summing co rrec tions w ere made.
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FIG. 2-4. 4. Coincidence spectra  obtained fo r the 4. 05 and 4. 41 M eV levels.
The points represen t the experim enta l data and the so lid  lines 
rep resen t the lineshape f it .  E r ro r  bars a re  shown on selected 
points. The 4. 05 M eV spectrum  shows the data and f i t  before  
sum m ing co rre c tions  w ere made.
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FIG. 2-4. 5. Coincidence spectra obtained for the 4. 51 and 4. 58 MeV levels.
The points represent the experimental data and the solid lines 
represent the lineshape fit. E rror bars are shown on selected 
points. The 4. 51 MeV spectrum shows the data and fit before 
summing corrections were made.
82
applied; these  co rrections m ade no significant d ifference to the fits, but enabled
meaningful estim ates to  be m ade of g round-sta te  tran s itio n  streng ths in m ost cases.
A spectrum  (not shown) for the 3. 00 MeV level was a lso  obtained from  the 
24 27
Mg(», p) Al reaction  under the sam e conditions. Fig. 2-4. 6 shows typical 
singles sp ec tra  used to  co rre c t for random  coincidences.
The sp ec tra  for the 3. 00 and 4. 58 MeV levels shown in fig. 2-4. 7 
24 27
w ere obtained using the reaction  Mg(ö, py) Al. They consist of com posite 
sp ec tra  produced by adding appropria te ly  weighted sp ec tra  from  the angular 
co rre la tio n  m easurem ents described  in chapt. 3. The sp ec tra  w ere co rrec ted  for 
random s before  being added. The weighting p rocedure, which is described  in 
appendix 2-6, co rrec ts  for an iso trop ies of the various angular d istribu tions of the 
gamma rays from  a given level. Once the com posite spectrum  had been constructed, 
the analysis wras identical to tha t applied to  the o ther spec tra . The spectra , and 
branching ra tio s  deduced from  them , have been included h e re  for the sake of com ­
pleteness. An in teresting  point is that when the sp ec tra  from  the various angles 
w ere added without weighting, the resu lting  decay schem e agreed  with the one 
obtained using weighting to  within 1% for a ll cascades. Upper lim its for weak 
cascades w ere not calculated for sp ec tra  obtained in th is  m anner.
The effectiveness of the jnagnetic sp ec tro m ete r in analyzing p artic le  
sp ec tra  is illu s tra ted  in fig. 2-4. 8 for the m ost testing  case, i. e. in resolving the 
partic le  groups from  the 2. 98 and 3. 00 MeV levels. Using the windows indicated 
it was possib le to  obtain coincident gam m a-ray  sp ec tra  which definitely contained 
negligible contributions from  levels o ther than the one of in te re st. All other levels 
w ere easily  resolved. Thus, each of the g am m a-ray  sp ec tra  re su lts  from  a single 
level, and in no case is it n ece ssa ry  to  assum e that a neighbouring level is  only 
weakly populated.
The branching ra tio s  obtained a re  sum m arized  in tab le  2-4. 1. The 
e r ro rs  indicated a re  those inheren t in the lineshape analysis (discussed in appendix 
2-A5, sect. 2-A5. 6). Except for the branching ra tio s  for the 3. 00 and 4. 58 MeV 
levels obtained from  angular co rre la tio n  m easurem ents, no attem pt was made to 
c o rrec t for e r ro rs  a ris in g  from  possib le  an iso trop ies in  the gam m a-ray  angular 
d istributions; however, in view of the la rge  solid angle subtended by the crysta l,
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SINGLES SPECTRA 
Mg + a
Ea = 9 0 0  MeV
AI + p
E « 7-00 MeV
GAMMA RAY ENERGY-MeV
FIG. .2-4 . 6. Typical singles sp ec tra  used to  c o rre c t for random  coincidences.
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Ex- 3 .00  MeV 
COMPOSITE SPECTRUM 
RAND. SUBTR.
Ex- 4.58 MeV 
COMPOSITE SPECTRUM 
RAND. SUBTR.
CHANNEL NUMBER
FIG. 2 -4 .7 . Composite coincidence sp ec tra  fo r the 3. 00 and 4. 58 MeV levels con­
sisting  of a weighted sum  over a ll angles of the sp ec tra  obtained from  
the co rre la tio n  m easurem ent. The solid line rep re sen ts  a le a s t-  
squares fit of lineshapes to  the experim ental data. E r ro r  b a rs  a re
shown on selected points.
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3 OOO
2 976
1000
3 0 0 0
2 976
NMR FREQUENCY-MHZ
FIG. 2 -4 .8 . Typical proton sp ec tra  for the 3 MeV doublet taken with a single 
solid s ta te  de tec to r behind a 1. 6 mm s lit a t the focal point. 
For coincident detection of gam m a-rays the s lit  was widened 
to 6. 5 mm. This width defines the  window (dashed lines in 
the lower figure) for each group. A s im ila r  p rocedure was 
used for iso lated  groups.
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it was assumed that such e Tors would be small. An upper limit of 17% was obtain­
ed for these errors, assuming an extreme anisotropic angular distribution (appendix
272-6, sect. 2-A6. 3). Angular correlation studies involving the Al nucleus (chapt.
3 and also (Sh 67)) indicate that the distributions will generally be more isotropic 
than the one that was used for this calculation. These considerations are consistent 
with the fact that, in cases where a branching ratio was estimated from two members 
of a cascade, the largest difference observed between the values was 20%.
Phillips et al. (Ph 67) show that in a branching ratio measurement 
the errors assigned to weak branches are not independent if a strong branch exists. 
This has the effect of overestimating errors assigned to weak branches. Although 
their analysis was not applied to the present data, it should be noted that the errors 
assigned to weak branches in table 1-4. 1 may be overestimated.
2-5 DISCUSSION
The branching ratios obtained for the 2. 21, 2. 73, 2. 98, 3. 00, 3. 68
and 4. 05 MeV levels are in substantial agreement with those reported by other
workers: 2.21 MeV level - (Le 67, Op 64), 2. 73 MeV level - (Le 67, Wa 66, Sm 68,
Op 64), 2. 98 MeV level - (Le 67, La 64), 3. 00 MeV level (Le 67, Ha 68, Sm 68),
3. 68 MeV level - (Le 67, Sm 68) and 4. 05 MeV level - (Le 67). Note the good
agreement (table 2-4. 1) between the two branohing ratio measurements for the
24 273. 0 MeV level obtained using the M g^p) ’ Al* reaction. Branching ratios 
obtained for the 3. 96, 4. 05, 4. 41 and 4. 58 MeV levels are compared with other 
measurements in table 2-5. 1.
2-5. 1 THE 3. 95 MeV LEVEL
The definite presence of 0. 84, 1. 01, 1. 22 and 1. 72 MeV gamma rays
in the present spectrum for the 3. 95 MeV level indicates that the branching ratio
for the ground-state transition is certainly less than the 100% value reported by-
van der Leun et al. (Le 67), although the strengths of individual gamma rays are
not inconsistent with the upper limits given by these authors. Sheppard and van
der Leun suggested (Sh 67) that the spin of this level is 3/2 on the basis of branch-
26 27ing ratios of resonance levels in the reaction Mg(p,y) AI; Läwergren (La 67)
made a tentative 7/2 assignment from angular distribution studies of the reaction 
26 27Mg(d, n) Al. The present data are consistent with a 3/2 assignment since all
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observed transitions would be dipole. A 7 /2“ assignment would be inconsistent 
with the observed radiation to the 0. 84 MeV l /2 + state, since E3 radiation would 
be required; furthermore, an El transition to the 2. 21 MeV 7 /2+ state would 
reasonably be expected to occur, and no such transition is observed.
2-5.2 THE 4.41 AND 4. 51 MeV LEVELS
The most serious disagreement among the various results for the
4. 41 MeV level concerns the strength of a possible transition to the 2. 21 MeV
7/2+ level. Metzger (Me 65), using a resonance-fluorescence technique, and
26 27van der Leun et al. (Le 67) using the reaction Mg(p, y) Al, both report a 
relatively strong transition, whereas the present results indicate a branch of at 
most 4% with the possibility of none at all. Smulders et al. (Sm 67 ) state 
that in their spectra a possible weak 4.41-*-2. 21 MeV transition may be hidden 
in the low-energy tail of the 2. 21 MeV gamma ray. It is noteworthy that the ratios 
of the branches, (4.41—-  0)/(4.41 —*■ 1. 01), agree reasonably well among the 
various results in spite of disagreement over the 2. 21 — 0 branch.
An evaluation of the results of van der Leun et al. for this level is 
difficult from the data presented in their paper. However, at most of the reson­
ances used to study the 4. 41 MeV level, the 2. 21 MeV level was also excited, 
so that a weak transition through the latter level would be obscured. The spectrum 
presented for the 338 keV resonance is an exception, but it is difficult to see how a
reliable decay scheme for the 4. 41 MeV level could be obtained from it. Indeed,
26 27studies of the Mg(p, y) Al reaction by Huang and Ophel (Hu 68) confirm that the 
4. 41 —- 2. 21 MeV transition is much weaker than suggested by van der Leun et al.
The disagreement with Metzger's results could be explained if the 
4. 41 and 4. 51 MeV levels were both excited. Both levels are within the energy 
interval covered by the Doppler-broadened 4. 43 MeV line, but Metzger concluded 
from the shape of the spectrum above 4. 41 Me V that the 4. 51 MeV level was not 
excited. However, the 4. 51 MeV level decays mainly via the 2. 21 MeV level, with 
a ground-state branch which is very weak or possibly non-existent. Thus, if the 
4. 51 MeV level were excited, 2. 2 MeV radiation would be observed in the spectrum. 
This explanation requires that the 4. 50 MeV level has a finite ground-state
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+ 2width*. The p resen t data indicate a (6 _ g )%  branch, i. e. the spectrum  was
fitted b e st with a 6% branch to the ground sta te , but the s ta tis tic a l accuracy  of the
data was inadequate to establish  the p resence  of g round-sta te  rad iation  a fte r
co rrec tio n  for random s and summing. H ausser et al. (Ha 68) gave an upper
24 27
lim it of 0. 8% for the g round-sta te  branch from  Ge(Li) studies of Mg(<*, pyy ) Al. 
F rom  a close inspection of th e ir  spec tra , it is not obvious how such a low upper 
lim it can be deduced, although it is  consisten t with th e ir  assignm ent of spin 11/2  to 
the level. Thus, th is  possib le explanation for the orig in  of the 2. 2 MeV radiation  
p resen t in the spectrum  of M etzger re q u ire s  that the 4. 51 MeV sta te  has a s ign ifi­
cant, but weak, g round-state  branch. This explanation would suggest that the 11 /2  
spin assignm ent of H ausser et al. for the 4. 51 MeV level may be inco rrec t. It 
would be worthwhile to re -in v estig a te  the decay of the 4. 51 MeV level in o rd er to 
fix upper lim its on the strength  of the g round-sta te  transition . The uncertain ty  in 
the value obtained (see table 2-4. 1) is due to  the p resence  of peaks in the vicinity 
of 4. 58 MeV from  random s (4. 43 MeV rad ia tion  -  see  fig. 2-4. 6) and coincident 
sum m ing from  the strong cascade through the 2. 21 MeV level. The s ta tis tic a l 
accuracy  of the random s was inadequate to  allow re liab le  co rrec tions to  be made 
and angular co rre la tio n  effects would cause uncerta in ties  in the  summing calcu ­
lations (appendix 2-5, sect. 2-A5. 7). P re su m a b ly , if the experim ent w ere p e r ­
form ed again, the contributions from  summing could be m inim ized by moving the 
de tec to r fu rth er from  the source and the random s could be determ ined m ore a cc u r­
ately  by record ing  them  using a p a ra lle l coincidence system . A lternatively a 
Ge(Li) gam m a-ray  detec to r could be used in  conjunction with the spec tro m ete r to 
sep a ra te  the 4. 58 and 4 .43  MeV gam m a ray s  in  energy.
M etzger argues tha t the m ost probable sp in -parity  assignm ent for 
the 4. 41 MeV level is 5 /2  , re jec ting  the possib ility  of spin 3 /2  because  th is 
would imply a quadrupole tran s itio n  to  the 2. 21 MeV 7 /2 + s ta te  enhanced by a
*A ground-sta te  width is n ecessa ry  if a level is to  be excited by resonant ab so rp ­
tion, e. g. see M etzger (Me 65) for form ulae and re fe ren ces .
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a factor of a t least 200. However, if the p resen t data a re  co rre c t and the branching 
ra tio  of the tran sitio n  to the 2. 21 MeV sta te  is only 2%, the enhancem ent would be 
reduced to a value of the o rd er of 40 which is not im possible in light nuclei (Wi 60,
La 64a , Go 65). Thus a spin assignm ent of 3 /2 , as suggested by L aw ergren (La 67), 
cannot be elim inated on th is basis .
It would be d esirab le  to  re -m e a su re  th is  decay schem e in o rd e r to  
place m ore re liab le  upper lim its on the branch  through the 2. 21 MeV level. The 
com m ents regard ing  random s m ade when d iscussing  re -m easu rem en t of the decay 
schem e of the 4. 51 MeV level a lso  apply to  the p resen t case  since th e re  is s trong  
2. 21 MeV radiation  in the random s (see fig. 2-4. 6).
2-5. 3 THE 4. 58 MeV LEVEL
The re su lts  obtained using the Nal de tec to r a t 90° a re  in excellent 
agreem ent with those obtained from  the s ta tis tica lly  su p erio r data from  the angular 
co rre la tio n  studies (table 2-5. 1). In p a rticu la r, the two m easurem ents dem onstrate , 
in contradiction to the re su lts  of Sm ulders et a l. (Sm 68), a definite 6 to  8% branch  
via the 2. 73 MeV 5 /2 + state . The tran s itio n  to  the 2. 21 MeV 7 /2 + sta te  e lim inates 
the possib ility , suggested by L aw ergren (La 67), that the level has spin 1 /2 , s ince 
spin 1 /2  would req u ire  an octupole tran s itio n  to the 2. 21 MeV state.
2-6 SUMMARY
The re su lts  of the  branching ra tio  m easurem ents a re  sum m arized  in 
fig. 2-6. 1. With a few notable exceptions they a re  in agreem ent with o ther work. 
F u rth er d iscussion  of the significance of the re su lts  is given in chapt. 3.
The method used  for m easuring  the  branching ra tio s  has proved to  
be very  satisfac to ry . The inheren t reso lu tion  of the m agnetic sp ec tro m ete r en ­
su red  that only gamma rays originating from  a given level w ere recorded , even in 
the case of the closely spaced 3 MeV doublet.
Several inadequacies in the apparatus becam e apparent during the 
course  of these  m easurem ents and have since been co rrected . For exam ple, the 
coincidence system  has been m odified to  pe rm it sim ultaneous m easurem ent of 
re a l  and random  coincidence counts.
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Quite ap art from  the in trin sic  value of the branching ra tio  in fo r­
m ation th is  experim ent gave p ra c tic a l experience in the use of the spec trom eter 
for p a rtic le -gam m a coincidence studies. This experience was a valuable p re ­
lim inary  to  the partic le -gam m a co rre la tio n  studies described  in chapt. 3. In 
addition the  sp ec tra  obtained served  as a guide to  the  choice of levels which 
(keeping in mind the lim ited energy reso lu tion  of the Nal gam m a ray  detector) 
would be am enable to such studies.
CHAPTER 3
27
ANGULAR CORRELATION STUDIES OF SOME LEVELS IN Al
3-1 INTRODUCTION
This chapter describes proton-gam m a angular co rre la tio n  studies of som e 
27 24 27
of the levels of Al using the Mg(a, p y) Al reaction. The method adopted 
is usually  re fe rre d  to as Method II of L itherland and Ferguson (Li 61), in which 
the de-excita tion  gam m a rays a re  detected in coincidence with p a rtic le s  observed 
at 0° or 180° to  the beam  direction.
The double-focus sing sp ec tro m ete r was used a t 0° as a p a rtic le  de tec to r.
It has certa in  advantages fo r th is  type of experim ent: (1) it has high energy re so lu ­
tion, (2) it can operate at 0° without excessive background from  the beam  (sect.
1-2. 2) and (3) it has a re la tive ly  la rg e  solid angle (13 m sr).
Initially  it was hoped to  perfo rm  angular co rre la tion  m easurem ents on a ll 
27of the levels in Al for which branching ra tio s  had been m easured  (chapt. 2) but
for which no definite spin assignm ent was available. It was found, however, tha t
24 27som e of the levels w ere only weakly populated in the Mg (os p y) Al reaction  
or w ere unsuitable for angular co rre la tio n  studies because the gam m a ray s  of 
in te re s t could not be c lea rly  reso lved  by the Nal detecto r. Of the  levels for which 
angular co rre la tio n  studies w ere p rac ticab le  the 3. 00 and 4. 58 MeV levels have 
been analyzed to  date. A descrip tion  of the m easurem ent, analysis and in te r ­
p reta tion  of the re su lts  from  the study of these  levels form s the b asis  of th is  
chapter.
When th is  investigation was s ta r ted  th e re  was considerable controversy- 
surrounding the spin of the 3, 00 MeV leveL W akatsuki and K ern (Wa 66a) had 
challenged the "accepted" value of 9 /2  with an assignm ent of 7 /2 .  Thus it was 
considered to  be d esirab le  to  re -m e a su re  the spin of the level in an attem pt to  
confirm  or re je c t the new value. Before the study was com pleted m ore  e x p e ri­
m ental inform ation had becom e available, the im plications of which w ill be d isc u ss ­
ed la te r.
The ten tative spin assignm ent of 1 /2  fo r the 4. 58 MeV level given by 
Law ergren (La 67) can be ru led  out by the observation of a  tran s itio n  to  the
94
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2. 21 MeV 7/ 2 + level in the branching ra tio  m easurem ents described  in chapter 2. 
Since no other inform ation on the spin of th is level was in existence, its m e asu re ­
ment was considered to be desirab le .
3-2 EXPERIMENTAL PROCEDURE
A beam  of alpha p a rtic le s  from  the ANU tandem  acce le ra to r was used
to bom bard a ta rg e t consisting of 40 i i g / c m  of *Mg (99. 99% enrichm ent) deposited 
2
on a 15 p g /c m  carbon foil mounted in the thin walled ta rg e t cham ber (described
in sect. 1-2. 4 and fig. 1-2. 6). The beam  (usually about 0. 1 jxA) entered the
ta rg e t cham ber through the collim ating system  shown in fig. 1-2. 10; the d iam eters
of co llim ators 2 and 3 w ere 1. 6 and 3. 2 mm respectively .
Since the sp ec trom eter was se t at 0°, the beam  passed  through the
ta rg e t into the sp ec tro m ete r and was stopped by the a n ti-sc a tte r  baffles (sect.
1-2.2) on the outer wall of the vacuum box. The baffles, in conjunction with a 
2
15 m g /c m  alum inium  absorbing foil in front of the detecto r, w ere adequate to 
stop m ost of the sca tte red  p a rtic le s  which would contribute to background. The 
insulated ta rg e t was used to provide beam  cu rren t monitoring.
After momentum analysis by the spec trom eter, protons from  the 
reaction  w ere detected by a surface  b a r r ie r  de tec to r situated  behind a s lit at the 
focal point. The upper d iagram  in fig. 2-4. 8 shows a typical proton spectrum  
taken in th is m anner.
Two identical, p a ra lle l, gam m a-ray  detecting system s w ere used in 
o rd er to in c rease  the ra te  of data collection. The detec to rs , consisting of 12. 7 cm 
dia. x 10. 2 cm long Nal (Tl) c ry s ta ls , w ere mounted on the horizontal p latform  
(sect. 1-2. 5) with th e ir  axes passing  through the ta rg e t spot and th e ir  front faces 
20 cm from  the ta rg e t (shown schem atically  in fig. 3-2. 1). At th is  d istance the 
c ry s ta ls  could be ro tated  in 2. 5° steps from  45° to 157. 5 on e ith e r side. Gain 
changes in the photom ultipliers produced by the m agnetic field of the sp ec tro m ete r 
w ere observed when the c ry s ta ls  w ere in the forw ard quadrants; th e re fo re  a ll 
m easurem ents w ere taken between 157. 5 and 90 in the backw ard quadrants. This 
is not a serious lim itation because the angular d istribu tions a re  sym m etrical 
about 90°.
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12.7x10.2 cm Nol(Tl) DETECTOR
THIN-WALLED TARGET CHAMBER
TO ____
SPECTROMETER
1.85 cm
BEAM - r -
TARGET SPOT-
FIG. 3-2. 1. A schematic diagram of the target chamber and detector geometry 
used in the angular correlation measurements.
Provision was made for gain stabilization of the gamma-ray systems
24*using a Spectrastat* set on the prominent 1. 37 MeV peak from Mg ( a, a'y)  in 
the singles spectrum (fig. 2-4. 6),although one of the detector systems was remark­
ably stable and no external gain stabilization was required. The gains were checked 
periodically by accumulating a gated singles spectrum and noting the positions of 
prominent peaks.
The intrinsic isotropy of the target chamber and gamma-ray table
208was measured using 2. 61 MeV gamma rays from a ThB ( Pb) source. The ThB
* Purchased from Cosmic Radiation Labs. Inc. , Bellport, New York, U. S. A.
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was deposited on the end of a cylindrical button which was placed at the target 
spot with its axis vertical. Spectra were taken in 10° steps between 90° and 
157. 5° and a lineshape analysis was performed on them to obtain the relative in­
tensity of the 2. 61 MeV gamma ray at each angle. After corrections were made 
to allow for the half-life of the source (10. 6 hr), the anisotropy was found to be 
less than 1%,which is negligible in comparison with other larger errors involved 
in the data.
The gamma rays from each detector were recorded by a 256 channel 
pulse height analyzer if they were in coincidence with protons populating the level 
under investigation. The protons were detected using the same slit width (6. 5 mm) 
as was used for the branching ratio measurements described in chapt. 2 , and 
hence the assumption made there, i. e. that no levels other than the one of interest 
were populated, is valid here also. The electronic equipment was reasonably con­
ventional with zero-crossover timing being used. For each gamma-ray detector 
two coincidence circuits were used in parallel: one whose delay was set at the 
correct value and a second one to which an extra 2. 5 p sec delay had been added 
to allow it to sample random coincidences. The variation in path length taken by 
the protons in passing through the spectrometer introduces a spread of about 
30 nsec in their detection time relative to the coincident gamma rays. To allow 
for this uncertainty and to provide stability should small delay changes occur, 
a coincidence resolving time of 140 nsec was used. System delays were checked 
frequently and invariably found to be stable. The ratio of real to random coinci­
dences, integrated over the whole spectrum, was usually greater than 20:1. From 
fig. (2-4. 6) it can be seen that most of the randoms occur in the 0. 51 MeV 
annihilation peak so that the random coincidence counts underlying the peaks of 
interest were probably less than 2%.
The data were taken in a series of short runs (300 p C integrated 
charge) at each angle, with the accumulated spectra being printed out after each 
run. The spectra obtained at each angle were normalized to the number of protons 
detected.
Excitation functions were performed in the vicinity of 9 MeV in order 
to find the maximum proton yield. This bombarding energy was chosen to allow
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absorbing foils to  be selec ted  which would stop the sca tte red  alpha p artic les  and 
yet pe rm it protons as low in energy as 2. 5 MeV to be detected.
The c ry s ta ls  w ere usually set at the sam e angle (on opposite sides 
of the ta rg e t cham ber) for each run; in th is way any instab ilities  in the apparatus 
could be m onitored. D ifferences in detection efficiency between the two c ry s ta ls  
w ere not m easu red  d irec tly  because of slightly d ifferent window settings; sub­
sequent analy sis  showed sm all differences and appropria te  co rrec tions w ere 
made.
3-3 METHOD OF ANALYSIS
3-3, 1. INTRODUCTION
This sec tion  is concerned with the analysis of gamma ray  angular 
co rre la tio n s  m easu red  re la tive  to a quantization axis possessing  axial sym m etry.
If th is  condition obtains, the s ta tes  in the re s id u a l nucleus w ill be aligned, i. e. 
the m agnetic substa tes  will be sym m etrically  and unequally populated, a condition 
that considerably  s im plifies the in te rp re ta tion  of the co rre la tions. In general, 
the re la tiv e  populations of the m agnetic substates a re  unknown (unless the reaction  
m echanism  is known) but often, enough inform ation is available from  the c o r re la ­
tion m easurem ent to  de term ine  the re la tive  populations of these  substates as well 
as o ther unknown p a ram e te rs , such as the spin of the level and the m ultipole 
mixing ra tio s  of the assoc ia ted  gam m a-ray  transitions.
The m easurem ents and th e ir  in te rp re ta tio n  can be sim plified con­
siderably  if the m agnetic substa tes a re  populated in known proportions. The 
usual way of accom plishing th is  is te rm ed  Method II by L itherland and Ferguson 
(Li 61) and was the p rocedure  adopted for the p resen t m easurem ents. The essence  
of the method is  to p re p a re  aligned s ta tes  by observing the pa r tic le s  which popu­
late them  in a d e tec to r a t 0° o r 180°, positioned sym m etrically  about the beam  
direction  (which is  the quantization axis). The gam m a rays detected in coinci­
dence with these  p a rtic le s  will then exhibit rad iation  pa tte rn s c h a rac te ris tic  of 
aligned s ta tes . If the p a rtic le  de tec to r is sm all enough th e re  will be no p ro ­
jection of the  angula r  m om entum  of the outgoing p a rtic le  on the quantization axis 
and thus, since the p ro jec tion  of the incoming p a rtic le  is a lso  z e ro sit follows 
that the m agnetic substa te  population is re s tr ic te d  to the sum  of spins of the
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incoming p artic le , ta rg e t nucleus and outgoing p artic le  (Li 61). Hence, by 
app ropria te  choice of the reaction, the re la tiv e  populations of the m agnetic sub- 
s ta tes  can be severe ly  lim ited.
The above trea tm en t assum es that the p a rtic le  de tec to r subtends 
an angle of 0° w hereas actual detecto rs subtend finite angles; th is has the effect 
of allowing non-zero  components of the angular momentum of the outgoing partic le  
to be pro jected  on the quantization axis, which in tu rn  populates sub s ta tes  g re a te r  
than those allowed by the spins only. L itherland and Ferguson have shown that the 
re la tive population of h igher substates is p roportional to  £ ^ (where £ is the ha lf­
angle subtended by the d e tec to r); however the exact effect cannot be calculated 
without a knowledge of the reaction  m echanism .
Situations a r is e  in which insufficient inform ation is obtained from  
the co rre la tion  to  enable unique spin and m ultipole mixing ra tio  assignm ents to be 
made using th is method. F o r these  cases gam m a-gam m a co rre la tions (for 
example Method I of L itherland and Ferguson) w ill often reso lve the am biguities 
because they can, in principle, provide enough inform ation to  overdeterm ine the 
unknowns.
24 27For the reaction  M g(o , p y )  Al used in th is  study the spin of the 
outgoing proton re s tr ic ts  the m agnetic quantum num bers of s ta tes  in the residual 
nucleus to -  1 /2 .
The method is not valid for study of nuclear levels with lifetim es
longer than 10 10 sec (Fe 65) because of the possib ility  of pertu rbations by atom ic 
27fields. All of the Al levels d iscussed  h e re  have sh o rte r  lifetim es than th is 
(Sm 68) and hence th is type of angular co rre la tio n  analysis is applicable.
3 -3 .2 . ANGULAR CORRE LATION FORMULAE
The form ulae and tab les  given by P o le tti and W arburton (Po 65) were 
used for the p resen t analysis because they a re  in a slightly  m ore convenient form  
than those given by L itherland and Ferguson (Li 61). Recently, a m ore detailed 
trea tm en t of the theory  has been p resen ted  by Rose and Brink (Ro 67), who define 
the signs of the m ultipole mixing ra tio s  in such a way that they a re  m ore am en­
able to com parison with model predictions than w ere previous trea tm en ts . Their 
sign convention is used here.
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If a nuclear level of spin a with 2a + l magnetic quantum numbers 
denoted by or, (where a takes the values: a, a -1 ...  -a) decays by gamma radiation 
to a level of spin b, the angular distribution of the radiation (Po 65) can be ex­
pressed by
W(9) = Z) a, P, (cos 0 ) (3-3. la)
k k k
= D pk(a) Fk (ab)Qk Pk (cos 0) (3-3. lb)
k
where e is the angle between the direction of emission of the gamma rays and the 
axis of alignment, P (cos 0) is a Legendre polynomial, Q are attenuation co-
K K
efficients (see appendix 2-6), pk(a) are statistical tensors which describe the 
alignment of the state,F (ab) are factors which depend specifically on the gamma- 
ray cascade and are independent of nuclear alignment, and k may take any even 
value from 0 to 2a.
The statistical tensors are defined by
Pk(a) = S  pk(a, a ) P(ö') (3-3.2)
where P ( a )  are population parameters for the magnetic substates a, and the 
coefficients, pk(a, a ), are tabulated by Poletti and Warburton. For aligned states 
P( o') = P(-Q') and thus for a -  - 1/2, eq. (3-3. 2) simplifies to
Pk(a) " Pk(a’ l/2 )  (3-3.2a)
since Z)P(a) = 1.
a
For the correlations performed here, the coefficients Fk(ab) can
be written as
F (abl = Fk (LL ba) + 2 6 Fk (LL ’ba  ^ + 6 Fk (L’L’ba.) , (3-3. 3)
1 -  Ö
where L is the lowest value of the gamma ray multipolarity allowed by the spins 
a and b, i. e. L = | a - b | and V  = L + 1. The quantities Fk (LL ab) are given by 
Poletti and Warburton for various nuclear spins and gamma-ray multipolarities. 
The quantities ö in this equation are the gamma ray multipole mixing ratios de­
fined as the ratio of the reduced matrix elements for the two multipolarities.
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a —' b
The angular d istribution for the second m em ber of a cascade 
c is given by
W(0) = S pk (a) Uk(ab) Fk (be) Qfc P k (cos 6)
k
The quantity U^(ab) is  defined by
(3-3. 4)
Uk (ab) Uk (Lab) + 6 Uk ( L ’ ab )
1 + 6
w here the coefficients Uk (L ab) a re  tabulated by both P o lle tti and W arburton
and Rose (Ro 67). Eq. (3-3.4) is  dependent on the th ree  spins a, b and c as
well as on the m ultipole mixing ra tio s  for each cascade. It can be generalized
th(Po 65) to  produce an expression  for the angular d istribution  of the n gam m a 
ray  in a  cascade.
3-3. 3. APPLICATION
Since the population p a ram e te rs  a re  assum ed to  be known,the 
problem  is  to  de term ine  values for the m ixing ra tio ,6,by a le a s t-sq u a re s  fit of 
eq. (3-3. lb) to  the m easured  angular co rre la tio n  fo r a ll allowed values of the 
spin a. A le a s t-sq u a re s  fit involves m inim izing the quantity
2
1 e  r Y(ei ) " N w( e i ) T
~  • L  E ( e “ > J
(3 -3 .5 )
i
In th is equation the sum  is  over the " i” angles at which the co rre la tio n  was 
m easured , Y( 0^  ) a re  the experim ental points, N is a norm alization  constant 
for the th eo re tic a l angular d istribution  W(0^), n is the  num ber of degrees of 
freedom  (defined as the num ber of m easured  points minus the num ber of free  
p a ram ete rs), and E( 0 .) a re  the e r ro r s  in the experim ental points. Since 
6 occurs non linearly  in eq. (3. 3. lb) the only free  p a ram e te r is N and hence 
the num ber of deg rees  of freedom  is one less  than the num ber of angles. B e­
cause of th is  non linear dependence on the mixing ra tio , a nonlinear method of 
leas t squares fitting m ust be used. In th is  procedure a value is assum ed fo r the 
spin and 6 is  varied  in app ropria te  steps in the range -<» < 6 <+ ool, or, for
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com putational convenience, in steps of arctand where -90° < arc tan5  < 90°. A
2
lin ea r leas t squares fit is perform ed for each value of 6 to  determ ine N and x .
2
For a given transition , a plot of x versus arctand for the various spins will
rev ea l m inim a corresponding to  possible solutions for a t leas t one value of a
(see fig. 3-4. 2). Solutions with \  " la rg e r  than a chosen confidence lim it can be
re jec ted  as being im probable. The confidence lim it is defined as the probability
that, in an experim ent perform ed under exactly the sam e conditions, y “ would be
sm a lle r than a chosen value XQ~ ; th is  probability  depends on the num ber of
degrees of freedom  and can be found in the lite ra tu re  (Wa 59) tabulated as a 
2
function of xq • A 0. 1% confidence lim it is  conventional for th is  type of analysis 
and was chosen for the p resen t case.
Several d ifferent methods a re  used for attaching e r ro r s  to the mixing 
ra tio s . Most w orkers, e. g. H ausser et al. (Ha 66), use  the e r ro r s  in the co ­
efficients a of a Legendre polynomial fit to the data to calcu late  e r ro r s  in the 
^  2mixing ra tio s  since, for a m inim um  in x , the coefficients a^ a re  re la ted  to ö
(see eqs (3-3. la) and (3-3. lb) ). Another convention is to  consider the range of ö 
2
for which x is below the 0. 1% confidence lim it. This im plies that <5 has 99. 9%
probability  of being in the range specified. This method has lim itations in cases
where double m inim a occur close together so that the curve does not r is e  above
the 0. 1% lim it between them  and hence full use  cannot be made of the inherent
inform ation contained. The method used h e re  involves taking, as the e r ro r ,  one-
2
half of the range of 6 for which x is below the 30% lim it (analogous to two 
standard  deviations for a norm al distribution).
Since the sp ec tro m ete r en trance ap ertu re  is not an ideal point d e tec t­
or located at 0°, but ra th e r a rectang le  with 6. 5° v e rtica l half-angle and 2° h o r i­
zontal half-angle, it is  possib le  tha t m agnetic substates g re a te r  than 1 /2  w ill be 
populated. To estim ate  the effect of the finite population of s ta tes  with m agnetic 
quantum num bers of -  3 /2 , two sep ara te  fits  w ere perform ed, one for which 
P (3 /2 ) = 0 and another in which it was assum ed that P (3 /2 ) = 0. 05 P ( l /2 ) .
The question a r is e s  as to  what extent the rec tangu lar ap ertu re  of 
the spec trom eter fails to m eet the e ssen tia l axial sym m etry  requ ired  by the
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p a rtic le  detector. Although it p o ssesses  ce rta in  sym m etries with re sp ec t to  its  
centroid  it certain ly  does not possess com plete ro ta tional sym m etry. L itherland 
(Li 64, p 108) points out th a t, for the p a rtic le  detecto r, ” a sm all m isalignm ent 
in the  v e rtica l plane does not affect the angular co rre la tio n  if it is  m easured  in 
the horizon tal plane” . Thus, since the largest, asym m etry  of the spectrom eter 
ap ertu re  is in the v e rtica l plane and the co rre la tions a re  m easured  in the h o ri­
zontal plane the effect is assum ed to b e negligible.
A point that is not s tre sse d  in the lite ra tu re  is that no Legendre 
polynomial attenuation coefficients a re  n ecessa ry  in the co rre la tio n  form ulae to  
allow for the finite size  of the p a rtic le  detector. This re su lt follows because the 
p a rtic le  detecto r m erely  se lec ts  the requ ired  substates and does not define the 
axis of quantization to which the co rre la tions a re  re fe rred .
The le as t-sq u a re s  analysis was perform ed  using the ANU IBM 
360/50 com puter. P ro g ram s w ere w ritten  which could fit the f ir s t  m em ber of 
a cascade as outlined above as wel.l a s  any subsequent cascade m em ber , alone o r 
in combination with o thers. In fitting cascade m em bers only one unknown mixing 
ra tio  was allowed; o therw ise the analysis would becom e considerably m ore 
com plicated.
3-4 EXPERIMENTAL RESULTS 
3-4. 1 THE 3. 00 MeV LEVEL
The dato w ere token at an incident alpha p a rtic le  energy of 9. 025 
MeV. Coincidence gamma -ray  sp ec tra  w ere m easured  at 157. 5°, 152. 5°, 135°, 
110° and 90° to  the beam  direction. For convenience, these  angles w ill in future 
be re fe rre d  to  the 180° axis so tha t they take the values: 22. 5°, 27. 5°, 45°, 70° 
and 90°. The 90° spectrum  is  shown in fig. 3-4. 1, in which the solid line drawn 
through the points rep re sen ts  a le a s t-sq u a re s  lineshape fit to  the  data, with 
random s included as  a  lineshape. Random coincidences w ere m easured  using the 
p a ra lle l coincidence c ircu its  during the experim ent; the average ra tio  of random  
to re a l  coincidences for a ll sp ec tra  was about 4%. Spectra  w ere m easured  s im u l­
taneously by both detec to r system s for a ll angles except 22. 5° and 27. 5° (at the 
tim e it was not possib le  to  move the c ry s ta l on one side beyond 27. 5°; th is
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Situation was rec tified  before co rre la tions w ere m easured  for the 4. 58 MeV 
level).
Angular co rre la tions for the component gam m a-rays w ere ex tracted  
from the sp ec tra  using lineshape analysis. The lineshape fitting p rogram  is 
described  in Appendix 2-5. Before the lineshape analysis was perform ed, the 
sp ec tra  from  both c ry s ta ls  a t angles other than 22. 5° and 27. 5° w ere combined. 
C orrections for differences in the re la tive  efficiencies of the individual system s 
w ere made to  the 22. 5° and 27. 5° data; these  co rrec tio n s  w ere obtained from  
p re lim in ary  lineshape analysis applied to  the individual sp ec tra  at 45°, 70° and 
90°. The lineshapes from  the two c ry s ta ls  w ere v irtually  identical.
The lineshapes w ere the sam e ones that w ere used in the decay- 
schem es analysis.B ecause these lineshapes w ere m easured  with a thick plate 
betw een the source  and detector, (which tends to  decrease  the peak to to ta l ratio) 
it was feared  that they might not be valid for the p resen t experim ent. Hence a 
sep a ra te  m anual analysis, which consisted  of sum m ing over peaks, was applied 
to  the sp ec tra  to  ex trac t the angular co rre la tio n s. The manual analysis was 
possib le because the peaks of in te re s t w ere w ell separa ted  (see fig. 3-4. 1), so 
that background corrections due to  the ta ils  of the h igher energy gam m a-rays 
in the  spectrum  could be re liab ly  estim ated. Good agreem ent was obtained between 
the m anual and lineshape analysis, thus vindicating the u se  of the lineshapes.
The angular co rre la tio n  data for the g round-sta te  tran s itio n  from  
the 3. 00 MeV level is shown in the upper p a r t of fig. 3-4. 2. The data w ere 
fitted by the leas t squares method to  the Legendre polynom ial expansion, eq.
*4" "4*
(3.-3. la ), for k <  4; the coefficients a and a a re  0.47 -  0. 03 and -0. 27 -  0. 05
L j  T
respectively . These coefficients have not been co rrec ted  for solid  angle a tten ­
uation effects. The re su lts  obtained by fitting the co rre la tio n  function, eq.
(3.-3. lb), to  the experim ental data a re  shown in the lower p a rt of fig. 3-4. 2. It
2
can be seen tha t an acceptable fit (x  below the 0. 1% confidence limit) is achieved 
only for J = 5 /2  and 9 /2 . F or J  = 9 /2 , it  was assum ed that m agnetic octupole
rad iation  is  negligible, i. e. 6(M 3/E2) = 0, resu lting  in the c irc led  dot in the
2 + diagram . F or J  = 5 /2 , the m inim um  in x corresponds to  <5(E2/M1) = -1. 52 -
0. 17. Both mixing ra tio s  a re  consisten t with the recen t lifetim e m easurem ent
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FIG. 3-4. 2. Top: Angular distribution for the ground-state transition from the
0 1 7
3. 00 MeV level in A I The curves represent least squares fits of 
the theoretical correlation function for the spins shown and co rres­
pond to minima in x2. Bottom: x2 versus arctan 6 for various spins. 
The condition P(3/2) <= 0. 05 P (l/2 ) is shown near the minima only.
+ -14
by Sm ulders et al. (Sm 68) of (8. 3 -  0. 7) x 10 sec for the ground s ta te  t r a n s ­
ition of the 3. 00 MeV level. The effect of fitting a co rre la tio n  function in which 
P (3 /2 ) = 0. 05 P ( l /2 )  is shown by the dashed curve in fig. (3-4. 2); it does not, 
however, change the conclusions a lready  drawn. Thus, th is  m easurem ent 
r e s tr ic ts  the possib le values of the spin of the 3. 00 MeV level to 9 /2  and 5 /2 .
The angular co rre la tion  data for the 3. 00 —^ 2 . 21 MeV tra n s itio n
is shown in the upper p a rt of fig. 3-4. 3. A Legendre polynomial fit to  the  data
4* +
(eq. 3-3. la) gives : a^ =-0. 32 -  0. 06 and a^ = -0. 10 -  0. 09. The re su lts  obtain­
ed by fitting eq. (3-3. lb) to the experim ental data a re  shown in the lower p a r t of 
the d iagram . The only spins tr ied  w ere those allowed by the 3. 00 —*■ 0 c o r re la ­
tion. For J  = 9 /2 ,  <5(E2/M1) = 0. 00 -  0. 04 and for J  = 5 /2 , <5(E2/M1) =
^  ^ j q
-1. 26 -  0. 05. The plot of x a lso  dips below the  0.1% lim it n ea r arctand  = -  90 
for J  = 5 /2 ; however values in these  regions can be elim inated on the b a s is  of 
the lifetim e given by Sm ulders et a l . , in conjunction with the branching ra tio  
m easurem ents of chapt. 2, since they would imply an E2 enhancem ent by a 
fac to r of a t least 500 W eisskopf units (Wu) . The effect of P (3 /2 ) = 0. 05 P ( l /2 )  
was a lso  investigated for th is tran s itio n  and again it did not a lte r  the conclusions.
The s ta tis tic a l accuracy  of the re su lts  obtained for the co rre la tio n  
of the 2. 21 —•* 0 tran sitio n  w ere not adequate to  pe rm it meaningful analysis .
Thus these  co rre la tio n  m easurem ents re s tr ic t  the spin values to  
5 /2  and 9 /2  but a re  incapable of choosing between them . It is possib le  th a t the 
m easurem ent of the co rre la tion  of a tran s itio n  to  the 3. 00 MeV level from  a 
h igher level of known spin would reso lve  th is  ambiguity.
The Legendre polynom ial fits to  the two co rre la tio n s  provide in fo r­
m ation for a calculation of the branching ra tio s  (see Appendix 2-6). The re su lts  
a re  (90 -  3%) and (10 -  3%) for tran s itio n s  to  the ground sta te  and 2. 21 MeV level 
respectively , values which a re  in  good agreem ent with those repo rted  in chapt. 2 
(table 2-4. 1).
There is  an extensive body of experim ental inform ation on the 3. 00 
27MeV level in Al. Towle and Gilboy (To 62) proposed J  = 9 /2  from  in e la stic  
neutron sca ttering ; the gam m a-gam m a co rre la tio n  m easurem ents of L aw ergren  
(La 64) a re  consisten t with th is  assignm ent. W akatsuki and K ern (Wa 66a) make
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FIG. 3-4. 3. Top: Angular distribution for the transition from the 3. 00 MeV level 
to the 2. 21 MeV level in 27 Al. The curves represent least squares 
fits of the theoretical correlation function for the spins shown and 
correspond to minima in x2. Bottom: x2 versus arctan 6 for the 
various spins. The spins fitted are those not rejected by the 3. 00 
MeV correlation. The condition P(3/2) = P (l/2 ) produced curves 
which were almost identical (at the minima) to the ones shown.
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a firm  assignm ent of J  = 7 /2  (using gam m a-ray  co rre la tio n  methods) with 
<5(E2/M1)= -1. 5 - 0. 2 for the tran sitio n  to  the 2. 21 MeV level. This spin a ss ig n ­
m ent is ru led  out by the p resen t re su lts ; in addition the 3. 00 —" 2 . 21 mixing ra tio  
obtained by them  is inconsistent with the lifetim e m easurem ent of Sm ulders et al. 
(Sm 68).
Both Sheppard and van d e r Leun (Sh 67) and H aussen et aL (Ha 68) 
have recen tly  made definite spin assignm ents of J  = 9 /2  on the b asis  of gam m a- 
gam m a co rre la tio n  m easurem ents. The m ixing ra tio s  obtained from  these 
experim ents for the 3. 00 —•* 2. 21 MeV tran s itio n  a re  -0. 00 -  0. 03 and 0. 02 ^ 0. 02 
respective ly  and ag ree  well with the value of 0. 00 -  0. 04 obtained from  the p resen t 
m easurem ent. In addition these  mixing ra tio s  agree  with the value given by 
L aw ergren (La 64). Thus, there  is now overwhelming evidence that the spin of the 
3. 00 MeV level is 9 /2 .
The above re su lts  a re  to  be com pared with som e m easurem ents by
Gove et al. (Go 67) who perform ed a d isto rted  wave Born approxim ation analysis
28 3 27on the  angular d istribu tion  from  the Si(d, He) Al reaction  using a m agnetic 
spectrograph  to reso lve  the 2. 98 and 3. 00 MeV levels. They concluded tha t the 
3. 00 MeV level has J = 3 /2  or 5 /2 . This ra is e s  the possib ility  th a t the 3. 00 MeV 
level is in fact a doublet, one m em ber having J  = 9 /2  and the other, populated 
in the (d, H e),reaction having J  = 3 /2  or 5 /2 . The branching ra tio s  obtained 
using various reactions a re  com pared in tab le  3-4. 1.
Table 3-4. 1
27
Branching ra tio s  of 3. 00 MeV level of Al
R eference Reaction Branching (%) Branching (%)
3. 00 — 0 3. 00 —**2.21 - ►O
(La 64)
27
A l(p ,p ’) 8 4 - 6 1 6 - 6
Chapt. 2 27A l(p ,p’) (a) 9 3 - 2 7 - 2
24Mg (a, p) 9 0 - 1 10 ^ 1
(Sh 67) 26Mg(p, y) (a) 9 1 - 3 9 - 3
(a) Not co rrec ted  for anisotropy in the g am m a-ray  angular distribution.
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The close agreem ent im plies that if the 3. 00 MeV level is in fact a doublet, 
e ither the  two m em bers a re  populated in the sam e ra tio  in a ll reactions or they 
have identical decay schem es. It is  th e re fo re  very  im probable that th is level 
is a doublet.
3-4. 2 THE 4. 58 MeV LEVEL
M easurem ents w ere made at an incident a lp h a-p artic le  energy of 
9. 06 MeV. Coincidence gam m a-ray  sp ec tra  w ere obtained a t 22. 5°, 20°, 45°,
70° and 90°; sp ec tra  from  the two c ry s ta ls  w ere combined before analysis.
Fig. 3 -4 .4  shows the 22. 5° com posite spectrum  with random s subtracted , where 
the solid  line rep re sen ts  a lineshape fit to the experim ental points. Random co­
incidences w ere m easured  using the p a ra lle l coincidence c ircu its  and w ere 
sub tracted  from  the sp ec tra  before the data from  the two c ry s ta ls  w ere combined. 
The average ra tio  of random  to re a l coincidences was about 5%.
C orrela tions for the component gam m a-rays w ere ex tracted  from  
the  sp ec tra  using lineshape analysis. Lineshapes appropria te  to the thin-w alled 
ta rg e t cham ber w ere used. To date, the angular co rre la tio n  for the ground state  
tran s itio n  only has been analyzed. The data a re  shown in the upper p a rt of 
fig. 3-4. 5 plotted on an expanded v e rtica l sca le ; the co rre la tio n  is v irtually  
iso tropic . A Legendre polynomial fit to  the data (eq. 3-3. la) gives : a = 0. 01 -
L a
0. 02 and a^ = 0. 03 -  0. 03. The re su lts  obtained by fitting eq. (3-1. lb), the
th eo re tica l angular co rre la tio n  form ula,to  the experim ental data a re  shown in the
low er p a rt of fig. 3-4. 5. As can be seen, acceptable fits w ere obtained for
J  = 3 /2 , 5 /2  and 7 /2  (J = T /2  was elim inated on the b asis  of the  branching ra tio
2
m easurem ents of chapt. 2). The mixing ra tio s  obtained fo r m inim um  x a re
sum m arized  in tab le  3-4. 2. The effect of P (3 /2 ) = 0. 0 5 P (l/2 )  was investigated;
n ear the m inim a the curves coincided with those for P (3 /2 ) = 0. Hence the
2
conclusions drawn from  the x analysis would not be changed by a sm all adm ixture 
of the -  3 /2  substate. P re lim in ary  re su lts  indicate tha t analysis  of the angular 
co rre la tio n s  of o ther tran sitio n s  in the spectrum  w ill not reso lve  the spin am ­
biguity.
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J - 9 / 2
J -  5/2
J -  3/2
50 6
0 (DEGREES)
1000
J - 9 / 2
J - 3 / 2J - 7 / 2
/ / / / / / / / / / / / / / / / /0.1% LIMIT
3 0 %
J ■ 5 / 2
ARCTAN(8)(DEGREES)
FIG. 3-4. 5. Top: Angular distribution for the ground-state transition from the 
4. 58 MeV level in 27 Al. The curves represent least squares fits 
of the theoretical correlation function for the spins shown and 
correspond to minima in x2 (the central minimum is used for the^  
J s= 3 / 2  curve). Bottom: y2 versus arctan 6 for the various spins. 
The condition P(3/2) = 0, 05 P (l/2 ) produced curves which were 
almost identical (at the minima) to the ones shown.
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Table 3 -4 .2
M ultipole mixing ra tio s  for the ground s ta te  tran s itio n  from  
the 4. 58 MeV level for various assum ed spins
J a
3 /2 0. 08 -  0. 04
+
3.3  - 0 .4
5 /2 0. 4 - 0 . 04
7 /2 -0. 17 -  0. 02
Very little  experim ental inform ation ex ists  on the 4. 58 MeV level. In
addition to  determ ining branching ra tio s , Sm ulders et al. (Sm 68) attem pted to
m easu re  the lifetim e of the s ta te  using the Doppler shift attenuation method.
However it was outside the range of the technique and they w ere able only to  set
-14an upper lim it of 3. 0 x 10 sec. This num ber is not adequate to allow the 
re jec tion  of any of the possible spin assignm ents on the basis  of u n rea lis tic  en­
hancem ent of tran s itio n  strengths over the single p a rtic le  estim ates. Thus the 
conclusion to be drawn from  the m easurem ent described  h e re  is that the spin of 
the 4. 58 MeV level is e ither 3 /2 , 5 /2  o r 7 / 2 .
3-5 DISCUSSION
3-5. 1 INTRODUCTION
Several different nuclear m odels have been proposed (Go 60, Bi 60,
27Bh 62, Th 65, Ev 67, Wi 67) to  explain the observed p ro p ertie s  of the Al 
nucleus. To be considered satisfac to ry , a model should be able to  p red ic t the 
spins, p a ritie s  and spacings of the energy levels. F u rth erm o re , calculation of 
the following quantities from  the m odel should agree with experim ent:
(1) E lectrom agnetic p ro p ertie s , i. e. the streng ths, branchings and m ulti­
p o la ritie s  of the various gam m a-ray  tran sitio n s .
(2) Excitation c ro ss  sections as obtained from  inelastic  p a rtic le  scattering .
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(3) Spectroscopic fac to rs as obtained from  n u cleon -transfer reactions.
T here  now appears to be sufficient experim ental inform ation av ail- 
27
able on Al to  point out which models fail to  explain the observed facts and 
perhaps to indicate steps that could be taken to  construct a model which would 
co rrec tly  p red ic t the observations. The m odels to be considered a re  :
(1) The single p a rtic le  N ilsson or strong coupling model (Ni 55), in which the
27low-lying s ta tes  in Al a re  in te rp re ted  as  couplings of a proton in e ither
N ilsson orb it 5 (K = 5 /2 +) o r 9 (K = l / 2 +) with the ro tational s ta tes  of a 
26deform ed Mg core  (Ref. Bi 60, Bh 62).
(2) The co re-exc ita tion  model (Th 65) would explain the low excited s ta tes  in
27
Al as couplings of a d ^ .^  hole to the ground and f ir s t  excited s ta tes  
of 28Si.
(3) The shell model (Wi 68) using a 1 d ^ ^  -  2 8 l / °  con^&uration  basis .
3-5. 2 THE NILSSON MODEL
A fter the successfu l descrip tion  of the Mg -  Al m ir ro r  pa ir by
L itherland  et al. (Li 58) using the N ilsson model (Ni 55), it was thought (Go 60,
27Bi 60) that th is  m odel might a lso  apply to  Al. This assum ption is not unreason­
able since the ground s ta te  quadrupole mom ent is la rge  and the f irs t few excited 
s ta te s  appear to form  ro tational bands based on a K = 5 /2 + ground s ta te  and a 
K = 1 /2 4 f ir s t  excited state . When m ore experim ental inform ation becam e 
available, however, ce rta in  d iscrepancies between the predictions of the model 
and the observations w ere noted; for example, the (p, p ’) excitation c ro ss  section 
data of Crawley and Garvey (Cr 65) w ere not explained. O ther exam ples of d is ­
agreem ent a re  given in the following re fe ren ces: (Op 64, La 67, Lo 67a, Sh 67, 
Sm 68, Wi 68).
The m ain inconsistency between th is  model and the p re sen t data 
concerns the streng th  of the E2 tran s itio n  between the 9 /2 + (3. 00 MeV) and 7 /2 + 
2. 21 MeV) levels. The value obtained from  the p re sen t experim ent is < 0. 5 Wu, 
w hereas an in te rp re ta tion  of these levels as being the second and th ird  m em bers
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of a pure rotational band based on be ground state (K = 5/2 ) would predict an
E2 transition strength of about 22 Wu (Sm 68, Ev 67). In order to calculate the
E2 width, the mixing ratio given in section 3-4. 1 and the branching ratio given
in Chapter 2 (table 2-4. 1) were used in conjunction with the lifetime measurement
for the 3. 00 MeV to ground state transition given by Smulders et al. (Sm 68).
It should also be noted that the simple rotational model is unable to account for
the 9/2 level at an excitation energy as low as 3» 00 MeV (La 64, Wi 68).
In view of these and the other inconsistencies which exist between its
predictions and the experimental data, this model is considered to be inappropriate
27for a description of AL Perhaps more complicated calculations, e. g. , the 
consideration of band mixing, would resolve some of the difficulties (Ha 68, Wi 68).
3-5. 3 THE CORE-EXCITATION MODEL
Inelastic particle scattering data obtained by various authors (Bo 65,
27Cr 65, Da 67, Ko 65) suggested that the Al nucleus could be described by a 
weak-coupling excited core model. The model, as proposed by Thankappan (Th 65), 
and subsequently modified by Evers et al. ,(Ev 67) to include d ^ 2 m°del 
configurations has been able to explain the observed level scheme up to 3. 00 MeV, 
as well as most of the electromagnetic properties and inelastic particle scattering 
data. The model is in good agreement with the present data below 3 MeV (Ev 67 
and section 3-4 of this thesis). The recent spin assignment by Hausser et aL ,
(Ha 68) of 11/2 for the 4. 51 MeV level cannot be explained by the excited core 
model, unless more complicated configurations are introduced, However, the 
discussion of branching ratios given in Chapter 2 suggests that this spin assign­
ment may bear re-investigation.
Recent results obtained by Wildenthal and Newman (Wi 68) using the 
28 3 27Si(d, He) Al reaction indicate that the assumptions made by Thankappan 
(Th 65) and Evers et a l ., (Ev 67) regarding the wave functions for the core- 
excitation model may be incorrect. The spectroscopic factors obtained from
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DWBA fits to their data do not agree with those calculated from the model. Thus 
Wildenthal and Newman reach a conclusion similar to that reached by Hausser 
et al. (Ha 68), viz: that the calculation should be expanded to include the remain­
ing s-d orbitals.
Wildenthal et aL , also reached the same conclusions for the Nilssen 
model regarding the wave functions and spectroscopic factors and suggest similar 
modifications.
3-5.4 THE SHELL MODEL
Wildenthal and Newman (Wi 68) report a shell model calculation 
(Wi 67) performed for nuclei between A = 20 and 28 with the Oak Ridge Multi- 
Shell Code. Although the spectroscopic factors calculated using this model are 
in better agreement with their data than those calculated using the previous 
models, calculation of the electromagnetic properties was not reported. The 
predictions on level spacings and ordering appear to be inferior to those given 
by either of the other two models, particularly the excited core model.
3-5. 5 CONCLUSION
The Nilsson model fails to describe much of the available experi- 
27mental data on Al. The excited core model is somewhat more successful but 
still fails in some important aspects. As has been pointed out, both models 
could possibly be modified, by including more complicated configurations, to 
give better agreement with observations. However, this approach destroys 
their inherent simplicity.
The Oak Ridge shell model calculation (Wi 67) also has inadequacies 
but it was intended to encompass a wide range of nuclei and thus detailed agree­
ment with experiment cannot reasonably be expected for all members. A 
restriction of the range of nuclei considered to around A = 27 would probably 
produce better results (Wi 68).
Even though the models proposed thus far fail to adequately describe
27the existing experimental data on Al, it would still appear that more experi-
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m ental inform ation is desirab le , e. g. the lifetim es, spins and p a ritie s  a re  
as yet unknown for some of the levels d iscussed  in Chapt. 2. This m ore com ­
plete inform ation would provide a fu rther te s t  for any m ore sa tisfac to ry  model 
which may em erge, and the new p ro p ertie s  may them selves provide insights
which would be helpful in constructing such a model. In view of th is, fu rther 
27studies of Al excited s ta tes  using the apparatus and techniques described  in 
th is  thesis  a re  in p ro g ress.
APPENDICES
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APPENDIX 1-1
DESIGN OF THE COMPENSATING COILS
This appendix d escribes the design of the coils that provide a re v e rse  
g radient to  cancel the tra n sv e rse  field gradient of the sp ec tro m ete r in the region 
of the NMR probe. When a gradient ex ists in a m agnetic field to  be m easured  
using NMR , d ifferent p a rts  of the sam ple resonate  a t different tim es in the sw eep- 
coil cycle thus producing a continuum of signals which appear as noise.
a = 6.35 mm 
b * 5.10 mm 
W * 9.40mm 
Yc * 10.55 mm 
Z0 * 12.00mm 
L * 35.50 mm
FIG. 1-A1. 1. Schem atic d iagram  of com pensating coils. The a rro w s on top of 
the coils show the d irec tion  of cu rren t flow.
The design of the conpensating coils was based  on the 4 -co il con­
figuration of Vincent et al. (Vi 59) using dim ensions calculated from  equations 
and graphs given by Anderson (An 61). A nderson’s re su lts  provide a design for a 
coil system  of a rb itra ry  s ize  tha t produces a linear g radient as required , but 
which m inim izes the th ird  o rd e r gradient that would cause a de terio ra tion  in the 
quality of the NMR signal.
In o rd e r to u se  A nderson 's re su lts , the c u rren t was assum ed to be 
concentrated in a single filam ent a t the geom etric  cen tre  of the actual filam ent 
c ro ss-sec tio n . The com pensating coils a re  shown schem atically  in fig. 1-A1. 1.
The value of Zq = 1. 2 cm was chosen to  fit the Harvey W ells NMR probe. The width, 
2Yq = 2Yc + W = 3. 05 cm was chosen to  be as sm all as possib le  in o rder to  keep 
the  coils from  protruding too fa r  into the vacuum box. Once Yq and Zq had been
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chosen, values for Y and W could be selected  using a graph given by Andersonc
(An 61).
The coils a re  cooled via holes d rilled  in the fo rm ers through which 
a ir  can be pumped. Each coil, which has a re s is ta n c e  of 9 ohms, is wound with 
360 tu rn s  of 30 B. S. W. G. enam el-insulated copper w ire.
F rom  (An 61), the equation for the g rad ien t with the four coils 
connected in s e r ie s  is  :
8 B
8 r
2 jLl Io
77 Z .
1 - r i . 1 - r j ,
2 2 2 2 
( l  +  * l 1 )  (1 + r?2 )
] ■ (1-A1. 1)
w here I is  the to ta l cu rren t through each coil,
_3
= 4 u  x 10 G‘ im i is the perm eability  of free  space,
Y 1 Wn = _c_ -  __ ___
1 'Z 2 Z
and t], Y  1c +
o 
W
2 ~  ~o o
F o r 360 tu rn s  p e r coil the cu rren t supplied is  i = 1/360 and the 
calculated  grad ien t (eq. 1-A1. 1) becom es :
8 B
8 r
119i
calc A • cm
This is to  be com pared with the m easured  value :
8 B ___ z
8 r m eas
(95 -  5) i °
A* cm
which re p re se n ts  a s tra ig h t line fit to sev e ra l values of the gradient m easured  with 
a H all-effect G aussm eter. The 25% difference can probably be a ttributed  to the 
assum ption tha t the cu rren t filam ent is concentrated  a t the geom etrical cen tre  of 
the actual filam ent. Since a calculation to take the finite c ro ss-sec tio n a l a re a  of 
the filam ent into consideration would be quite laborious; it was felt that such a step 
was not ju stified  in view of the sa tisfac to ry  perform ance of the p resen t design.
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APPENDIX 1-2
DERIVATION AND SOLUTION OF THE FIRST-ORDER EQUATIONS
OF MOTION
As mentioned in sect. 1-6. 2. 1, term s in (r -  R)n in an expansion 
of the equations of motion can be neglected for n > 1 if the particle trajectories 
lie close to the optic axis. In order that the particles focus on the optic axis, K 
must equal 1. Thus, F (r, z) in eq. (1-6. 13) becomes :
F (r, z) = F (r) l - o
(r-R)
] (1-A2. 1)
and G(r, z) in eq. (1-6. 14) becomes : 
G (r) = - o
R
(1-A2. 2)
because R > > r -  R .
In addition, if the particle trajectories lie close to the optic axis, 
the radial and axial velocity components in eq. (1-6. 3) are negligible, hence
2 2 - 2  v = r 0
or equivalently,
u = oo = 0 . (1-A2. 3)
The expression, 1 /r , can be expanded in a Taylor ser ies  about
r = R to yield :
1
R
(r-R)
+ . . . . (1-A2.4)
Because
1 r - R_ > > _ _
2
R R
eq. (1-6. 12) can be written, with the help of eq. (1-A2. 3), as
d 6 1
d s R
This is the standard relationship, s = R 0, in differential form and can be used to 
express eqs. (1-6 .9  and 1-6. 11) in term s of 0 , e. g.
(1-A2. 5)
12 2
2 2 du _ d r  _ 1 d r
2 ~ 2  2~  
ds ds R d0
and s im ila rly  fo r d co/ds. Thus, with the u se  of eqs. (1-A2. 1) through (1-A2. 5),
eqs. (1-6. 9) and (1-6. 11) becom e :
d2r
- ( 1 - a )  (r - R ) (1-A2. 6)
and
O' z . (1-A2. 7)
Now, since
,2
d r
( r - R )  ,
de de
(because R is  constant) eqs. (1-A2. 6) and (1-A2. 7) can be solved to yield
r  -  R = A sin  j ^ ( l - n ) 2 e J + B  cos
z = C sin o2 6[ye] + D COS
(i  - o ) 2 e
o  2 e
(1-A2. 8) 
(1-A2. 9)
where A, B, C and D a re  a rb itra ry  constants to be determ ined from  the boundary 
conditions. The re su lts  of Judd (Ju 50) can be obtained from  these  equations upon 
substitution of appropria te  boundary conditions.
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APPENDIX 1-3
STARTING VALUES FOR THE NUMERICAL INTEGRATION 
1-A3. 1 INTRODUCTION
In o rd er to  specify s ta rtin g  values for r, u, d u /d s , 0 a n d d e /d s , 
and to  re fe r  the positions of the em erging p a rtic le s  to  the C artesian  co-ord inate  
system  a t the  image, it is  n ecessa ry  to derive geom etrical re la tionsh ips betw een 
the quantities shown in fig. 1 - 6. 1 . The various quantities used in the re la tio n ­
ships a re  defined in fig. 1 -A 3 .1, which is s im ila r  to fig. 1- 6. 1 except tha t m ore 
detail has been added and the proportions have been a lte red  slightly to provide 
clarity .
1-A3. 2 BASIC DEFINITIONS AND GEOMETRICAL RELATIONSHIPS
The definitions and geom etrical re la tionsh ips (fig. 1-A3. 1) n e ce ss ­
a ry  for calculating the s tarting  values a re  :
rj (a variable) is the angle the incident tra je c to ry  m akes with the optic 
axis,
vjr is the angle between the norm al to the pole boundary and the line
between the ta rg e t and the boundary at r  = R; for *£ = 4. 8 ° (the fring ­
ing field angle) the ta rg e t is  on the optic axis as shown in the  diagram ,
go = 4. 8° is the fringing field angle,
L = 36. 5 cm is the pole boundary rad ius,
d = 66 cm is the object distance, o
R = 61 cm is the m ean rad ius,
£ =  $ ’+  Tj ,
d = d -  R sinoo, is the effective object distance, e o
a = d sin  , e
f ~ L + d cos ^ , e
g -  f cos £ + a sin I 5
A. = tt/ 2 + oo -  ,
2 2 —
c = (R + d -  2 Rd cos A )2 ,'  e e '
% -  sin  j^R /c  sin  A j  ,
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X =  V +  % »
2 r 2  2 2 2 -li
P = g - | _ g  -  r - a + L
and Q = R -  L sin cd .
INCIDENT TRAJECTORY.
TARGET,
s p o t /
VIRTUAL
FIELD BOUNDARY
IMAGE
COORDINATE S Y S T E M -
OPTIC AXIS-----
—  ACTUAL POLE BOUNDARY
EMERGING TRAJECTORY
FIG. 1-A3. 1. Schematic drawing of the m agnetic field region of the sp ec tro ­
m ete r showing various geom etrical rela tionsh ips necessa ry  
fo r specifying p a ram ete rs  for the num erical ray  trace . 
Definitions of the quantities a re  given in  the  text.
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1-A3. 3 EQUATIONS FOR STARTING VALUES
1-A3. 3. 1 Starting Value for r
The equation for the s tartin g  value of r  is given by
2 2 ^
r  = ( p  + c -  2 p c cos x ) (1-A3. 1)s
The various te rm s  in th is  equation a re  defined above.
1-A3. 3. 2 Starting Value for u
The derivative?, u , is defined as the cosine of the angle the tra jec to ry  
m akes with the rad ius vector. The s ta rtin g  value is given by :
d r
d s r  = r
cos , (1-A3. 2)
where ö 1 2 2 2 v cos ß n = (P + r -  c )
1 2 p r Ss
1-A3. 3. 3 Starting Value for d u /d s
Since d u /ds is defined in te rm s  of u and r , eq. (1-6. 9a) can be used 
in conjunction with eqs. (1-A3. 1) and (1-A3. 2) to  calcu late  the s ta rtin g  value.
1-A3. 3. 4 Starting Value for 0
In o rd e r to calcu late  0^ , the s ta rtin g  value fo r 0 , the  relationship
Q cos 0 + L sin  0s s
2 „2 
r s + Q  
2 r
(1-A3. 3)
can be solved for 0 using an ite ra tiv e  procedure. To do th is the equation is 
w ritten  as :
sin  0
2 _2 r  + Q s ^
2Lr
Q COS 0 (1-A3.4)
and cos 0 = 1 ,  ( 0g «  1 ) is  used to  calcu late  the f ir s t  value of sin  0 . The value 
for cos Gg to be used in the next ite ra tio n  is then calculated using the re la tionship
2 —
cos 0 = ( 1 -  sin  0 )2s v s
and substituted back into eq, (1-A3. 4) to allow the second value of sin  0g to  be 
calculated. This procedure is repeated until the change in sin  0g is below an
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acceptable lim it before  the value for 6 is extracted.s
1-A4. 3. 5 S tarting Value fo r dQ /ds
Since d e / ds is defined in  te rm s  of u and r , eq. (1-6. 12a) can be 
used in conjunction with eq. (1-A3. 1) and (1-A3. 2) to calculate a s ta rtin g  value.
1-A 3.4 POSITION OF THE EMERGING RAYS
The problem  of determ ining the position of the em erging ray  in the 
im age co-ord inate  system  is not as difficult as specifying the s ta rtin g  p a ra m e te rs  
because m ost of the quantities needed have been calculated by the n u m erica l in te ­
g ra tion  procedure.
The em erging ray s  a re  defined in the im age co-ord inate  sy stem  in 
te rm s  of the equation fo r a s tra ig h t line :
Y = X tan  e + b . (1-A3. 5)
In th is  equation the various te rm s  a re  defined as follows :
where 0 is calculated in a s im ila r  m anner to  e using eq. 1-A3. 4 with r  , the
I S I
value of r  the tra je c to ry  takes upon leaving the m agnetic field, in place of r  ,s
and ß is re la ted  to ^ u a t r  = r  through the re la tionsh ip  (1-A3. 2) i. e.
Z .  Id s
d r r  = r
w here d u /d r  is available from  the num erical in tegration  program .
( 2) The value for the in te rcep t b is  given by
b = R -  r^ (cos 0 + sin  0^  tan  e ) .
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APPENDIX 1-4
NUCLEAR REACTION STUDIES AT 180° USING THE SPECTROMETER 
1-A4. 1 INTRODUCTION
It would be advantageous to  set up a double-focussing spec tro m ete r to 
detect reaction  products at 180° to  the beam  direction . The purpose of th is Append­
ix is  to d iscuss one possib le method of doing th is.
Such an instrum ent could be  used to  study reactions of the type (p, a y )  
using the method of analysis described  by L itherland and Ferguson (Li 60). It is 
difficult to  study such reactions with the  spec tro m ete r at 0° because s lit s c a t te r ­
ing of the beam  causes an ex trem ely  high back-ground that cannot be elim inated 
using ab so rb ers  (see sect. 1-2. 2). (An exception would be large-positive  Q-value 
reactions in which the m agnetic rig id ity  of the beam  is le ss  than that of the detected 
alpha p artic les). Also, reactions of the type ( a,  p y ), which can be studied with 
the sp ec trom eter at 0° (see Chapt. 3) can a lso  be studied using th is  method; 180° 
operation has the advantage over 0° operation that the angular range of the y -ray  
detec to rs is less  re s tr ic ted . O ther u ses of an instrum ent of th is type would include 
180° e lec tron  scattering .
1-A4. 2 METHOD
The method proposed h e re  is to b ring  the beam  into the vacuum cham ber 
and subsequently into the ta rg e t cham ber through the back of the sp ec trom eter via 
a sliding seal, as shown in fig. 1-A4. 1. Calculations of the tra je c to r ie s  of the 
beam  entering the sp ec trom eter in th is  m anner a re  plotted in fig. 1-A4. 2. The 
tra je c to r ie s  w ere calculated using the  equations of motion described  in sect. 1-6. 5. 
The beam  was assum ed to em erge from  the ta rg e t and follow the  optic axis into the 
sp ec trom eter with the m agnetic field  re v e rsed  so that instead of curving tow ard 
the detector, the beam  tra je c to ry  curved outward and eventually passed  out of the 
field. It is assum ed that the beam  would follow the sam e path if it w ere travelling  
in the opposite d irection  and the m agnetic field w ere rev ersed . It should be noted 
that these conditions a re  the only ones for which the beam  will always s trik e  the 
ta rg e t at exactly 180° to  the sp ec tro m ete r a p e r tu re .
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SMALL DEFLECTING 
MAGNET
EXTENSION TO 
VACUUM CHAMBER
SLIDING SEALINCOMING BEAM
TARGET POSITION
BEAM LINEROTATION AXIS
CENTRAL ORBIT
FOCAL PLANE
VACUUM CHAMBER
FIG. 1-A4. 1. Schematic diagram of the spectrometer with modifications 
necessary for observing nuclear reaction products at 180 
to the beam line. Two positions of the incoming beam are  
shown. To get from one position to the other the spectro­
meter is assumed to have been rotated about the rotation axis 
which is the "focal point" of the incoming beam (defined in 
fig. 1-A4. 2).
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K-3.0
INCOMING BEAM 
MAGNETIC FIELD BOUNDARY
0.25
TARGET
CENTRAL ORBIT
AXIS OF ROTATION
FIG. 1-A4. 2. P lot of calculated beam  tra je c to r ie s  on the median plane for the 
beam  entering the sp ec tro m ete r from  the back.
These re su lts  indicate that an axis, p a ra lle l to  the z-ax is, can be 
determ ined  about which the spec tro m ete r can be ro tated , so that its  ap e rtu re  
rem ains a t 180° to the outgoing beam  direction  for a ll values of K (see eq. (1.-6. 6) 
for a definition of K).
This axis of ro tation is the "focal point" of the incoming beam  for 
various values of K. Actually, th is focal point is an a re a ; if it is too large , the 
beam  will not leave the sp ec tro m ete r in the p roper d irec tion  for som e values of K 
(see fig. 1-A4. 2). This difficulty can be overcom e by insta lling  a sm all deflecting 
m agnet on the beam  line close to  the s lid in g -sea l to  a lte r  the position of the in ­
coming beam.
One way to im plem ent the above proposal would be to  lie  the sp ec tro ­
m e te r on its side. This method would have the advantage that it would be re la tive ly
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easy  to  design a c a rria g e  to  support the spec tro m ete r so that it ro ta tes  in the 
requ ired  m anner. P ossib ly  a c a rriag e  could be built to allow the sp ec tro m ete r 
to  ro ta te  about the ta rg e t spot to function as an ordinary  sp ec tro m ete r on its  side, 
with a secondary axis of ro tation  about the focal point of the 180° beam.
A lternatively, the spec tro m ete r could be mounted in the conventional 
upright position, so that if n ecessa ry , it could be ro ta ted  to face the beam  to  be 
used  in  the norm al mode. However, the m echanical problem s inherent in  support­
ing a heavy m agnet so that it ro ta te s  about the requ ired  axis, a re  not tr iv ia l. Also, 
th e re  is the problem  of ensuring that the vacuum pumping system  rem ains upright 
when the m agnet is  ro ta ted  in the vertica l plane.
1-A4, 3 CONCLUSION
The system  outlined above provides a method for using a double­
focussing sp ec tro m ete r to observe reactions a t 180° to  the  beam  d irection . To 
account for changes in K, the sp ec tro m ete r is ro ta ted  about the incoming beam  
d irection  on an ax is p a ra lle l to  the z-ax is. Calculations of the beam  tra je c to r ie s  
indicate that the method is feasible. The system  has the advantage over the 
system  described  by P e te rso n  and B arber (Pe 62) tha t the  a re a  around the ta rg e t 
cham ber is unencum bered by an auxiliary  magnet, and over the system  described  
by Groce (Gr 63) that the sp ec tro m ete r ap ertu re  is a t 180° to  the beam  d irection  
fo r a ll values of K. Also the system  proposed h e re  re q u ire s  a re la tive ly  sm all 
aux ilia ry  m agnet com pared with the other system s.
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APPENDIX 2-5
COMPUTER PROGRAMS USED FOR ANALYSIS OF GAMMA RAY
SPECTRA
2-A5. 1 INTRODUCTION
This appendix describes the com puter p rogram s developed for 
analyzing gam m a-ray  spec tra  in o rder to obtain the re la tiv e  in tensities of the 
component gam m a-rays.
If the response function (or lineshape as it will usually  be called) 
of the detec to r system  is known for each of the constituent gam m a-rays in a 
spectrum , the  analysis becom es the m athem atical problem  of determ ining co­
efficients by which each lineshape m ust be m ultiplied, so that when they a re  
summed channel by channel, a rep resen ta tion  of the spectrum  is produced. In 
the p resen t case  a linear le as t-sq u a res  fitting p rocedure  was used. This method 
produces a unique set of coefficients if the sp ec tra  exhibit d isc re te  peaks c o r r e s ­
ponding to  each of the component gam m a-rays. The lineshapes used w ere re p re s ­
ented by pulse height spectra .
2-A5. 2 THE LINEAR LEAST SQUARES ANALYSIS
C onsider a spectrum  that is produced by p gam m a-rays of various
in tensities and assum e that lineshapes, with the sam e gain as  the spectrum , a re
known for each of the gam m a-rays. Suppose that th e re  a re  C. counts in channel
"i" of the spectrum  a ris in g  from  the p gam m a-rays. In addition suppose that
th e re  a re  a  S. counts in channel i due to a lineshape of energy E , where S.
V IV v  i v
rep re sen ts  the lineshape anda^  is a norm alizing coefficient. Thus, in o rd er to 
construct the orig inal spectrum  from  p lineshapes th e re  m ust be
T.
l
s ,
V =1
S.
IV
counts in channel i. Since the spectrum  to be fitted, and a lso  the lineshapes to 
some extent, a re  subject to s ta tis tic a l fluctuations th e re  w ill be a deviation R. , 
between C and T. in any given channel, i. e. ,
R. = C. - T. .
i l l
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The condition that I R. I be small for all channels, which is a reasonable con-1 l 1
dition to be fulfilled if the constructed spectrum is to resemble the original one, 
leads to a determination of the coefficients. Thus, the least squares procedure 
consists of finding a set of u  that minimize the function
2  w. (R.) 
i=m
n
2 w 
i~m .[V =V “ 1 <DL S.V iv (2-A 5. 1)
where w are the weights associated with each channel of the spectrum and the fit 
is between channels m and n. The condition that A be a minimum leads to the p 
normal equations :
3 A
—— — o
0 CL
n
2
i=m
’iv wi c i
n
2  a 
i=m
P
2
A=1
S. w. S..
IV 1 1A
(2-A5. 2)
where v = 1, 2, . . .  p. These equations can be expressed in matrix notation in 
order to permit the use of standard m atrix manipulation programs, i. e . , eq. 
(2-A5. 2) becomes
D = N a (2-A 5. 3)
where D
V
= 2  S. w. 
i IV 1
C , (2-A5. 4)
N_Av
II
i-
M U
l
S*
S. (the normal matrix) (2-A5. 5) iA
and a = N 1 D (2-A 5. 6)
is a column vector containing the coefficients.
The weights w have been included in the discussion in order to p re ­
serve the generality of the treatment; however, in the calculations presented here 
they were set equal to unity, i. e. the weight matrix w was replaced by the unit 
ihatrix u . This step was taken because reliable weights could not be attached to 
all channels of the spectrum due to inadequacy of the statistics. Ferguson (Fe 61)
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d iscu sses  a method for calculating weights using the spectrum  constructed  from  a 
p re lim inary  fit. In the p resen t case  the fits appeared to  be adequate and h is p ro ­
cedure was not used.
2-A5.3 HISTOGRAM RE-DISTRIBUTION PROGRAMS
A method for a lte ring  the gain and zero  of pulpe height sp ec tra  is 
basic! to  the analysis because, in general, the lineshapes do not have the sam e 
gain as  the sp ec tra  to be analyzed. In o rd er to  perfo rm  th is  task  a hifetogram » 
red istribu tion  p rocedure  was used.
The gain and zero  of a pulse height spectrum  can be rep resen ted  by 
the relationship
E = SC + I , (2-A 5. 7)
where E is the energy in channel C,
S is the slope in M eV /channel 
and I is the in te rcep t on the energy axis.
Two subroutines w ere w ritten  to  change the slope and in te rcep t of a spectrum : one 
called PUSH which increased  S and hence decreased  the gain, and another called 
PULL which decreased  S and hence increased  the gain. The procedure is il lu s ­
tra ted  in fig. 2-A5. 1, in which a sam ple spectrum  (labelled I) is com pressed  by 
PUSH to  produce II. Spectrum  II is expanded again using PULL to  produce III.
Note that II cannot be expanded again to produce I, i. e. the reso lu tion  of a spectrum  
cannot be im proved by changing the gain.
2-A 5.4 STANDARD LINESHAPES
The lineshapes used  in the analysis w ere generated  by a lin ea r in te r ­
polation procedure from  a se t of carefully  m easured  standard  lineshapes.
The lineshape from  a Na I (Tl) de tec to r due to  a m ono-energetic  
gam m q-ray  is a com plicated function because of the sev e ra l p ro cesses  whereby 
energy I s  transm itted  to the e lec trons in the phosphor. Since the re la tiv e  im p o rt­
ance of these  p ro cesses , and hence the shape of the response function, changes 
with energy and detec to r geom etry, it is n ecessa ry  to m easu re  the lineshapes 
under the sam e conditions as the sp ec tra  them selves w ere m easured , and at
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SUBROUTINE PULL
(EXPANSION)
(GAIN A)>(GAIN B)
SUBROUTINE PUSH
(COMPRESSION)
CHANNEL (GAIN A)
FIG. 2-A5. 1. An example o f the h is togram  -  re d is tr ib u tio n  method used fo r  changing 
the gain of a pulse height spectrum  fo r  the specia l case when both 
spectra have zero in tercept. The a rro w s  ind icate which spectrum  is 
produced as a re su lt of the re d is tr ib u tio n .
energ ies sufficiently closely  spaced so that changes in shape a re  sm ooth and 
gradual.
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Six standard  lineshapes w ere m easured ; details  a re  sum m arized  
in tab le  2-A5. 1. In o rd er to p re se rv e  the m ain featu res of the lineshapes, the 
maximum possib le  gain was used.
TABLE 2-A5. 1
Sum m ary of Line shape M easurem ents
Reaction or Source Resonance Energy Gamma Ray Energy
137 -  0. 661Cs
22__ - 1.277Na
o I 28
Al(d, p) Al* -  1.777
12C (p, y ) 13N 460 keV 2. 365
T he" -  2. 614
n B (p, y ) 12C 600 keV 4.430
The lineshapes w ere co rrec ted  for contributions due to background 
and low -energy gam m a-rays. To c o rre c t for background a m easured  b ack ­
ground spec trum  was subtracted . To elim inate contributions from  low -energy 
gam m a-rays, the lineshapes w ere ex trapolated  horizontally  to zero . This e x tra ­
polation was checked by calculating p eak -to -to ta l ra tio s  (P. T. R .) for each lin e - 
shape. These p eak -to -to ta l ra tio s  a re  com pared with previously  published P. T. R. 
curves in fig. 2-A5. 2 w here the lower curve is for a 7. 6 x 7. 6 cm c ry s ta l (Ma 60) 
and the upper curve  is for a 12. 7 x 12. 7 cm  c ry s ta l (Yo 66). No data fo r a 12. 7 cm 
dia x 10. 2 cm  long c ry s ta l w ere available. Calculation of the P. T. R. was p e r ­
form ed by fitting a G aussian function to  the full energy peak to obtain the  peak 
counts and by sum m ing over a ll channels down to zero  energy to obtain the to ta l 
num ber of counts. An exam ple of a G aussian function fitted to a full energy peak 
is shown la te r  in fig. 2-A5. 4. The curve drawn through the experim ental points 
in fig. 2-A5. 2 is given by the re la tionsh ips :
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© UNBROADENED LINESHAPES
X BROADENED LINESHAPES
(Ma 60)
------- (Yo 66)
\  * •
b  0.4
ENERGY (MeV)
FIG. 2 -A 5. 2. Peak to  to ta l ra tio s  for various energ ies for the Nal de tec to r used 
in the p resen t experim ent. O ther work is shown for com parison.
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P. T. R. = _ _ _ _ _ _  for (0 .5  < E < 1 .  25) MeV (2-A5. 8a)
1. 235E + 0. 86
and
P. T. R. = 1 for (1.25 < E  <  5 ) MeV . (2-A5. 8b)
0. 947 E + 1. 24
In analyzing a spectrum , lineshapes of the energy req u ired  w ere 
generated  from  the standard  lineshapes using the following procedure: The stand­
ard  lineshapes w ere p repared  by tran sla tin g  the low energy m em bers of the  se t in 
o rd er to align a ll  of the fu ll-energy peaks with the peak of the h ighest energy 
m em ber of the se t (see fig. 2-A5. 3). The low energy ta ils  w ere extrapolated  to 
zero  and the gains w ere adjusted slightly so tha t the photopeaks w ere cen tred  
exactly about an in teg ra l channel. The requ ired  lineshapes w ere then constructed  
by linear interpolation, channel by channel, between adjacent p a irs  of th ese  stand ­
ard  lineshapes. The constructed  lineshapes w ere then tran s la ted  back to  the 
appropria te  channel positions. A typical example of a lineshape generated  by 
linear in terpolation  is  the fit to the 2. 21 MeV spectrum  in fig. 2-4. 1.
2-A 5. 5 CALCULATION OF RELATIVE INTENSITIES
If each lineshape is norm alized before  being fitted so that it is  p ro ­
portional to  the c ry s ta l detection efficiency, then the coefficients, a , obtained 
from  the leas t squares analysis a re  proportional to the re la tiv e  in tensities  of the 
contributing gam m a-rays. In the p resen t p rogram  it was found to  be m ore  con­
venient to  u se  un-norm alized  lineshapes because of the lineshape broadening 
fea tu re  described  in sect. 2-A5. 7. The re la tiv e  in tensities w ere ex tracted  a fte r 
the fitting had been perform ed by calculating the to ta l num ber of counts in each of 
the lineshapes, i. e. by evaluating the sum
A = cn Z/ S.V v lv
a ll energ ies
for a given lineshape and then co rrecting  for de tec to r efficiency effects. This sum  
was evaluated by f ir s t  calculating the num ber of counts in  the  full energy peak using 
the previously  m entioned G aussian fitting p rocedure and then by m ultiplying these
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FIG. 2 -A5. 3. The standard  lineshapes for which the fu ll-energy  peaks have been 
aligned and norm alized  in height in p reparation  for linear in te r­
polation. The energy in MeV of each lineshape is indicated in the 
diagram .
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counts by l / P .  T. R. as given by eqs. 2-A5. 8. It should be noted that a p rocedure 
s im ila r to  the one outlined above would s til l  have been necessary , not m a tte r  at 
what stage in  the p rog ram  the norm alization was perform ed.
In o rder to take into account the energy dependence of the c ry s ta l 
detection efficiency and absorption by m a te ria ls  between the c ry sta l, the follow­
ing expression  (Ro 53) for the efficiency £ was used 
02 * V
%  =  ° ' 5 $
1 - exp ( -  Tcxp (0)) exp ( -T  xt ( 0 ) ) s i n 0 d 0  (2. A5. 9)a a
01
where 0 to  0 is the angular range subtended by the c rysta l,
1  2i
t is  the attenuation coefficient of sodium iodide,c
x (0) is the th ickness of the c ry s ta l as a function of 0 ,c
t is  the attenuation coefficient of the absorbing m a te ria l 
and x^ (0) is the th ickness of the ab so rb er as a function of 0.
The ta rg e t-d e tec to r geom etry used is shown schem atically  in the m ain tex t in 
fix. 2-2. 1. The counts in each lineshape w ere co rrec ted  for efficiency using the 
re la tionship
and the re la tiv e  intensity  R^ 
the expression  :
v 
’ v
(2-A5. 10)
of a p a rtic u la r  gam m a-ray  was calculated using
P
E G
v— 1 v
2-A 5. 6 PROBABLE ERRORS IN THE CALCULATED INTENSITIES\
In o rd e r to  assign  probable e r ro r s  to the re la tive  in tensities, a 
procedure described  by Ferguson (Fe 65) was used. Ferguson shows tha t if the 
tru e  weights w a re  used, the standard  deviation associated  with a coefficient a  
is given by
-1  1<T = (N )2 (2-A 5. 11)
V vv
w here the m atrix , N , is defined by eq. (2-A 5. 5).
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Since units weights u w ere used, the following definitions w ill be 
useful in what follows :
Q2 = A (u)min (2-A5. 12)
is the  value of A from  eq. (2--A5. 1) for values of the coefficients a  defined by
-1  -1  veq. (2-A5. 6) and N(u) is the value of N calculated using unit weights. Thevv vv
re la tionsh ip  betw een the tru e  weights w and the unit weights u is
u
w here € can be w ritten  as
r -p
and r  = n -m + i is the range of channels fitted. For unit weights the standard  
deviation analogous to  eq. (2-A5. 11) is
I
ct (u)v = ( € N(u)~* f  . (J2-A5. 13)
The e r ro r s  calculated  in th is m anner a re  called ex ternal e r ro rs . It is assum ed 
that the e r ro r s  in the re la tiv e  in tensities a re  proportional to  the e r ro r s  in the 
coefficients, i. e.
or (R, u) cr(u)
2
The quantity Q , given by eq. (2-A5. 12), is  a m easu re  of the 
goodness of fit; fo r an acceptable fit Q2 should be sm all.
2 -A 5. 7 CORRECTIONS FOR ELECTRONIC GAIN INSTABILITY
Due to  gain instab ility  in the detector system , peaks in som e of the 
sp ec tra  w ere broadened considerably com pared with the lineshapes; in these  
cases sp ec tra  constructed  from  the lineshape analysis appeared to  be a poor fit 
to  the orig inal data. This difficulty was overcom e by broadening o r "sm earing  
out" the lineshapes so tha t they had the sam e reso lu tion  as the sp ec tra  to be 
fitted.
In o rd e r to  construct a broadened lineshape, a subroutine called
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SMEAR was w ritten, in which the following procedure was used: A se t of between 
6 and 12 lineshapes was generated from  the orig inal lineshape. This se t consisted 
of lineshapes whose gain, and hence peak positions, d iffered by sm all increm ents 
sym m etrically  spaced about the peak of the o rig inal lineshape. These lineshapes 
w ere then norm alized in peak height according to  a G aussian distribution  function 
before being summed, channel by channel, to  form  the broadened lineshape. P ro ­
vision was made in the  program  for varying the size  of the gain increm ents and 
hence the amount of broadening. The procedure  is illu s tra ted  in fig. 2-A5. 4 in 
which the unbroadened404:3MeV lineshape is shown for com parison. G aussian 
functions have been fitted to  the full energy peaks of both lineshapes. The G auss­
ian distribution on which the norm alization of the se t of lineshapes was based is 
a lso  shown. The c irc led  points on the la tte r  curve indicate the peak positions 
and re la tiv e  norm alization of the lineshapes used  to  construct the com posite, 
broadened lineshape.
The acceptability  of the broadened lineshapes for fitting was a s s e s s ­
ed from  the c r ite r ia  :
(1) That the peak to  to ta l ra tio s  w ere s im ila r  to  those for the un-broadened
lineshapes. A com parison is shown in fig. 2-A5. 2 in which the c ro sse s  
rep resen t the peak -to -to ta l ra tio s  for typical broadened lineshapes.
(2) That the lineshapes looked reasonable, i. e. that th e re  w ere no ex tra  peaks,
discontinuities o r obvious asym m etries .
In o rd e r to determ ine the c o rre c t amount of broadening n ecessary
to  achieve an acceptable fit, th e  following sequence of operations was used: F irs t ,
lineshapes w ere generated  from  the standard  lineshapes and used for a p re lim in -
2
ary  fit to determ ine a s ta rtin g  value for Q (defined in sect. 2-A5. 5 by eq. 2-A5. 12).
These lineshapes w ere then broadened by p ro g ressively  la rg e r amounts and fitted
2 2each tim e until a m inim um  was detected in Q . If the d ecrease  in Q with b road ­
ening was sm all, the p rocedure was term ina ted  when the broadening had exceeded
2
a p re -s e t  lim it. In cases  where Q increased  with the f ir s t  attem pt at broadening,
unbroadened lineshapes w ere used.
A com parison between fits obtained with broadened and unbroadened
2
lineshapes is  shown in fig. 2-A5. 5 for the 4. 41 MeV spectrum . In th is case Q
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4 .4 3  M eV LIN ESHA PE
UNBROADENED
GAUSSIAN FIT
BROADENED
GAUSSIAN BROADENING FUNCTION
GAUSSIAN FIT—
CHANNEL
FIG. 2-A5. 4. An example of the application of the lineshape broadening procedure 
applied to the 4. 43 MeV lineshape. The G aussian function fitted to 
the fu ll-energy peak is used in calculating peak -to -to ta l ra tio s . The 
broadened lineshape consists of a sum of lineshapes whose peak 
positions and re la tive  norm alizations a re  indicated by the c irc led  
dots on the broadening function.
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decreased by a factor of 2. An interesting point is that although the fits using 
broadened and unbroadened lineshapes looked very different, the relative inten­
sities obtained usually did not differ by more than 1%.
2-A5. 8 SUMMING CORRECTIONS
When the gamma-ray detector is close to the target, as it was in the
present case, summing produced by co-incident detection of cascade gamma-rays
must be considered in the analysis. The lineshapes of prominent cascade gamma-
rays obtained from a preliminary fit were used to calculate the summing spectrum.
If H (E) and H^E) are the lineshapes due to gamma-rays of energy
E and E. respectively, then a summed spectrum will be produced whose maximum 
v A
energy = E + is equal to the excitation energy of the level being studied.
The variable E in H and H. varies from 0 to E and E. respectively. The number v A v A
of counts in an energy interval from E to E + dE in the summed spectrum, F(E), is 
due to all contributions from H and whose energies add up to E, i. e.
F(E) = ^ H (x) Hx (E-x) dx (2-A5. 14)
The range of integration in this equation has been taken from 0 to E;
however, it would be just as correct to take it from - » to + °° because H (-E)
v
H ^ -E )  = 0.
In the more familiar notation where the lineshapes are pulse height 
spectra and the energy range from E to E + dE is one channel, eq. (2-A5. 14) can 
be written :
J
F. = E  HV. H .
J W  1 ^
(2-A 5. 14a)
where the subscripts refer to channel numbers.
In order to calculate the total number of counts in the summed
spectrum, the crystal detector efficiency, £ for E and L  for E^  , were cal-v v A A
culated using eq. (2-A5. 9). N , the total number of counts in either member of the 
cascade, was calculated from the number of counts in one of the fitted lineshapes 
using eq. (2-A5. 10). Thus the total number of counts in the summed lineshape is
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The foregoing assumes that both gamma-rays have isotropic angular distributions.
These calculations were performed only for levels that had weak 
or possibly non-existent ground-state transition. After the summed spectra were 
constructed and properly normalized, they were subtracted from the original spec­
tra to permit a second fit to be performed.
2-A5. 9 CONCLUSION
The procedures for spectrum analysis outlined above have proved 
to be very satisfactory.
The peak-to-total procedure used for normalizing lineshapes in order 
to calculate relative intensities relies on the presence of a prominent full energy 
peak in the lineshape. For crystals of the size used in this experiment, the full 
energy peak becomes less prominent at higher energies and the first-escape peak 
tends to dominate. Thus for fitting high energy gamma-rays another normaliz­
ation procedure would need to be adopted.
E F. = N I
1 O ’ v
all channels
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APPENDIX 2-6
ANGULAR DISTRIBUTION EFFECTS ON BRANCHING RATIOS 
2-A6. 1 INTRODUCTION
In o rd e r to calculate the gam m a-ray  branching ra tio s  from  a given 
cascade, the re la tive  intensity  of each m em ber of the cascade m ust be determ ined. 
If the th eo re tica l expression  W (0 , <j>) for the angular d istribution  of a p a rticu la r 
gam m a ray  is known, then the re la tive  in tensity  I can be calculated by in tegrating 
W(0, 4>) over a ll angles, i. e.
2?t 7r
I = C ^ W (0, c})) sin  0 d 0 d <j> . 
cf)=0 0=0
For p resen t purposes, W is  considered to be a function of 0 only 
and to  be given by
W (0) = Z) A  ^ Pg(cos 0) (f even), (2-A6. 1)
w here the coefficients A  ^ determ ine the shape of the d istribution  and P^  (cos 0) 
is a Legendre polynomial of o rder f . The re la tive  in tensity  becom es
Jr
\ \  W(0) sin  0 d 0 d <)> (2-A6. 2a)
(j)=0 0=0
4 77* A< 0 (2-A6. 2b)
because P q (cos 0) = 1 and in teg ra ls  in P  ^ (cos 0) vanish for i  > 0 due to  the 
orthogonality p ro p ertie s  of Legendre polynom ials. Actually, since re la tive  
in tensities only a re  being considered the fac to r 4 77 in eq. (2-A6. 2b) can be 
suppressed.
2-A6. 2 DECAY SCHEMES FROM ANGULAR DISTRIBUTION MEASUREMENTS
It is  the purpose of th is section  to  show how sp ec tra  taken at various 
angles can be weighted, so that when sum m ed channel by channel over a ll angles, 
they produce a com posite spectrum  that is independent of the an iso trop ies in the 
angular d istributions of each of the component gamma rays. The method has been
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27applied to  the angular d istribu tion  data fo r the 3. 00 and 4. 58 MeV levels in Al 
to produce com posite sp ec tra  from  which lineshape analysis yielded branching 
ra tios.
If an experim entally  m easured  angular d istribu tion  consists of the
points Y (0 ), Y (0 ) , . . .  Y (0 ) , then W (0) (eq. 2-A6. 1) can be obtained from  a _l a n
leas t-sq u a re s  fit to the  points. The re la tiv e  intensity  I can then be calculated using 
eq. (2-A6. 2).
The re la tiv e  in tensity  can also  be found from  the m easured  points by 
num erical integration; however it is d esirab le  to  put eq. (2-A6. 2a) in a m ore 
convenient form  to do th is . B ecause W(0) contains only even powers of cos 0, it 
is sym m etrical about 90° and eq. (2-A6. 2a) can then be w ritten  as
77
r  2
I = 4 77 V W (0) sin 0 d 0 (2-A6. 3a)
* o 
1
= 4 77 ^  w (x) dx (2-A6. 3b)
o
w here W(0) is now defined between 0 and JL  and x = cos 0. The num erical
2
in tegration procedure is  illu s tra te d  in fig. 2-A6. 1 for a fictitious angular d is t r i ­
bution with data points a t 0 „ , 0_ , . . .  0 plotted on the horizon ta l scale  x = cos 0.1 2  n
The re la tive  intensity  is  approxim ately equal to  the sum of the a re as  of the n-1 
trapezo ids, subject to  the assum ption that the points can be joined by a s tra igh t
line. The sum of the a re a s  of the trapezoids reduces to
0n
I = S G (6 . ) Y (0 . ) (2-A 6. 4)
0i= 6 l
where o oe = o , 0 = 90 ,1 n
G  ( 0 . )
a re  the weighting coefficients.
0 (0^ =
= (cos 0U1 -  cos 0i+1 )
2
The end values, G(0 ) and G(0 ) , a re  given by 
(cos 0 -  cos 0 ) 1 -  cos 01 A — A
2 2
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and G(0 ) n
(cos e -  cos e ) cos en-1 n ' = n-1 .
2 2
These coefficients a re  independent of the yields at the various angles. 
It is  noteworthy that
£  G(0 ) = 1 ,
e i
which im plies that if the yields, Y(0.) , at the various angles a re  properly  n o rm al­
ized re la tiv e  to  one another, then the re la tive  intensity  calculated using eq.
0 (DEGREES) — -
0 30 45 60 7 0  80 90
Cos0
FIG. 2-A6. 1. F ictitious angular d istribution used to  illu s tra te  the num erical in te ­
gration procedure for finding the re la tive  intensity from  m easured 
angular d istribution  data. The a re a  under the curve between 1 and 
0 on the cos 0 scale is equal to the re la tive  intensity.
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(2-A6. 4) will have the same normalization as each of the components.
Specific values for the weighting coefficients at the angles used in 
the 3. 00 and 4. 58 MeV angular distributions are given in Table 2-A6. 1.
Table 2-A6. 1.
Values for the weighting coefficients G(0) for the 3. 00 and 4. 58 MeV 
angular distributions. Since no data were taken at 0 in either case 
it was assumed that Y (0° ) = Y (22. 5° ).
Angle (6) Weighting Coefficients G(0)
(degrees) 3. 00 MeV level 4. 58 MeV level
22. 5 0.94 0. 104
27. 5 0. 109 -
30. 0 - 0 . 109
45. 0 0.273 0.263
70.0 0.354 0.354
90. 0 0 . 171 0 . 171
Eq. (2-A6. 4) has been derived for a single gamma ray with a well defined angular 
distribution; however, because it is linear in the weighting coefficients, it can be 
used to produce a composite spectrum from spectra taken at various angles. 
Furthermore the angular distribution effects of the various component gamma rays 
will be integrated out so that a lineshape analysis can be performed on the com­
posite spectrum to produce correct branching ratios.
To see this, suppose that a spectrum contains two components Y 
and Y each of which have separate angular distributions. The sum of their
a
intensities is given by
*T = *1 + *2
= E  G ( e . ) [ Y 1 (6.) + Y2 (0.) ]
%
= S  G ( e . ) [ Y T ( e . )
6i
(2-A6. 5)
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Since, for a pulse height spectrum ,
i  = E s .T j J
and Yt  (0. ) = E T. ( 0. )
w here S^  and T (. 0. ) a re  the num ber of counts in channel j of the com posite 
spec trum  and the .0^  spectrum  respectively , eq. (2-A6. 5) can be w ritten  as
I = E S = E G (6 ) E T (0. )
T J j 0. 1 J 3 1
= E S  G (0 ) T (0 ) .
j e .  J
1
The la s t step is possib le  because of the previously mentioned linear condition. 
Hence a com posite spectrum  with
S. = E G (0. ) T. (6. ) j e. 1 J 1 
1
counts in channel j can be constructed. Lineshape analysis can then be perform ed  
on th is com posite spectrum  to obtain c o rre c t branching ra tios.
2-A6. 3 ERRORS IN GAMMA RAY BRANCHING RATIOS DUE TO MEASUREMENT 
AT A SINGLE ANGLE
No attem pt has been made in the analysis (sect. 2-4) to  c o rre c t 
for e r ro r s  in the branching ra tio s  a ris in g  from  an iso trop ies in the angular d is ­
tribu tion  of the contributing gam m a ray s; indeed th is co rrec tio n  is  not possib le  
because the relevant angular d istribu tions a re  not known. It is the purpose of 
th is section to examine these  e r ro rs  and to  suggest an upper lim it for them  using 
an "ex trem e" aniso tropic angular d istribution.
Suppose that the th eo re tica l angular correlation .betw een two point 
d e tec to rs  is given by eq. 2-A6. 1, w here 0 is the angle between the two detec to rs. 
F or de tec to rs  of finite size, Rose (Ro 53) has shown that the angular co rre la tio n  
can be w ritten  as
W (6) = E At  Qf (l) Qt  (2) P, (cos 0 ) , (2-A 6. 6)
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w here ü = 0 , 2 and 4, (1) a re  attenuation fac to rs  for the Nal detecto r and (2)
a re  the attenuation fac to rs  for a rec tangu lar de tec to r such as the sp ec tro m ete r. The 
fac to rs  (1) a re  given in num erous tabulations and graphs for various gam m a 
energ ies , c ry s ta l d istances and c ry s ta l s izes (e. g. (Ma 60)). The facto rs (2) 
can be  calculated using convenient functions given by Feingold and F rankel (Fe 55).
In the p re sen t case they w ere found to be approxim ately equal to unity due to  the 
sm all s ize  of the spec tro m ete r apertu re .
If the coefficients A a re  known, W((0 ) as defined by eq. (2-A6. 5) 
can be used  in eq. (2-A6. 2) to calculate the re la tiv e  intensity. The re su lts  a re
I -  A
0  ’
w here the factor 4 jj has been suppressed  and Qq(1) -  Qq(2) = 1. If the angular 
co rre la tio n  is iso tropic , then
1 = W (0) = Aq (2 -A 6 .7)
and one point on the angular co rre la tion  is sufficient to  determ ine the re la tiv e  
intensity . If the d istribution  is not iso tropic , i. e. if A and A^ a re  not equal to  
zero , then the e r ro r  6 in the re la tive  intensity  calculated on the b asis  of one 
point a t 0 = 0^ is
5 = w<v-1 ,
1
w here I = Aq . For an angular co rre la tio n  of the form  given by eq. (2-A6. 6)
6 = % (!) Q2(2) p 2 (cos V  + Q4 (1) Q4 (2) P 4 (cos 6 ) .
A Ao o
(2-A6. 8)
C onsider a 3 MeV gamma ray  that is detected using the c ry s ta l and 
sp ec tro m ete r in the geom etry described  in sect. 2-2, i. e. with the detec to r a t 4. 1 
cm from  the ta rg e t and 0 = 90°. In o rd er to calculate an upper lim it for 6, an 
angular d istribution  with A2 /A q = 0. 6 and a4 /A q = 0 was chosen. This d istribution  
is considered  to  be as ex trem e as is likely to be encountered. F o r these  values, 
the e r r o r  6 , calculated using eq. (2-A6. 8) is 17%, with Q^( 1) = 0. 5 7, ‘
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Q^(2) = 1. 0 and (cos 90°) ~ -0. 5. The |  = 4 te rm  was neglected because both 
and Q^(l) a re  typically very sm all. For the branching ra tio  m easurem ent, the 
m axim um  difference in in tensity  between two m em bers of a cascade, which could 
be a ttribu ted  to an iso tropic angular d istributions, was 20%, w ell below the e s ­
tim ated  upper lim it of 34%.
It is possib le  that the angular d istribu tion  for the gamma rays is also  
a function of <j> so that the sim ple expression  for the intensity  (eq. (2-A6. 2)) does 
not apply. However, because of the approxim ate nature  of the above calculations 
it was assum ed that refinem ents to  take <j> into consideration  w ere not justified.
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Abstract: The scattering of protons from 27AI has been studied for proton energies from 3.5 to 
11.3 MeV with an energy resolution of approximately 10 keV Excitation functions have been 
obtained at laboratory angles of 90° and 140° for groups corresponding to the ground and 
first six excited states of 27Ai. The validity of a fluctuation theory interpretation of the data has 
been investigated: it is concluded that such an interpretation is valid for the upper part of the 
range but is questionable for the lower energies. The distortion of auto-correlation functions 
due to non-statistical variations in the reaction yield has been eliminated by calculating fluctua­
tions with respect to an average cross section defined by using an averaging interval of 400 keV. 
An auto-correlation analysis indicates that the mean width of 28Si levels participating in the 
reaction is approximately 34 keV at an excitation energy of 21.5 MeV. Estimates of level width 
based on the density of maxima in the excitation functions are in satisfactory agreement with 
this value. The present result is compared with 28Si levei widths reported by other authors. 
The significance of values for the normalized variances of the excitation functions determined 
from the auto-correlation analysis is discussed.. The data show some evidence for the presence 
of intermediate structure of width and spacing of the order of several hundred keV.
NUCLEAR REACTIONS 27Al(p, p), (p, p'), E =  3.5-11.3 MeV; 
measured rt(E\ Ep■). 28Si deduced mean level width.
1. Introduction
Over the past few years many high resolution studies have been made of the 
structure occurring in excitation functions of reactions populating nuclei at relatively 
high excitation energies. To a large extent these studies have been stimulated by two 
factors:
(i) Assuming that a reaction proceeds through compound nucleus levels for which 
the scattering amplitudes have random phases, Ericson *’ 2) and Brink and Stephen 3) 
predicted that in regions where the mean level width T is very much greater than the 
mean level spacing D the cross section will not in general vary smoothly with energy 
but will exhibit strong fluctuations of characteristic width f \  Various predictions 
about these fluctuations are subject to experimental verification, and analysis of the 
fluctuations can, in principle, provide information about compound nucleus proper­
ties and reaction mechanisms.
(ii) The advent of the tandem accelerators since 1960 has provided charged particle 
beams with characteristics which enable investigation of the predicted fluctuations.
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Further stimulus for this type of experimental work has been provided by sugges­
tions 4" 6) that the excitation functions may also show structure of width intermediate 
between that of the broad single-particle resonances (characteristically several MeV) 
and that of the “Ericson fluctuations” . These “intermediate resonances” would 
arise from configurations more complicated than single-particle states but less 
complicated than actual compound nucleus states (for example, the three-quasi­
particle “doorway states” (discussed by Block and Feshbach6)). Widths and spacings 
of the order of several hundred keV have been suggested.
Table 1 gives a representative selection of experiments involving the population of 
2 8 Si at high excitation energies. In cases where they are readily available, approximate 
values of resolution and energy increments used are listed as a guide to the pre­
cision of the experiment concerned. Generally the data have been interpreted in
T a b l e  1
Selection of excitation function studies involving the population of the compound nucleus 88Si at
relatively high excitation energies
Energy
Reaction Ex(MeV)
Resolution
(keV)
increments
(keVI Ret.
*7AI(p, a)24Mg 14.5-23.1 50 7)
27Al(p, a)MMg 20.1-23.1 10 20 8)
87Al(p, a)8*Mg 17.3-21.2 5-10 25 »1
*7Al(p, y)88Si 
8iMg(a, y)88Si
15.4- 23.6
17.4- 19.8
10 15 10)
n )
18C(lflO, a)2*Mg 23.9-30.9 45 18 1 2 ,
87Al(p, n)87Si 
l8Si(y, p)27A!
17.2-22.4 10-15 10 , 3 ,
and
8*Si(y, a)84Mg
17.55-17.67 12 17 U )
terms of Ericson fluctuations. The 27Al(p, n)27Si results of Bubb. Poate and Spear 13) 
suggested that it would be interesting to study proton scattering from 27 A1 at similar 
energies. The present paper describes such a study for proton energies Ep from 3.5 
to 11.3 MeV, corresponding to 28Si excitation energies Ex from 15.0 to 22.4 MeV. 
Elastic and inelastic scattering of protons from 27A1 had previously been in­
vestigated by Shoemaker et al. 15) for Ep ranging up to 4.1 MeV and 2.6 MeV, 
respectively.
2. Experimental Procedure
A beam of protons obtained from the Australian National University tandem 
accelerator wa< energy analysed in a 90° magnet whose calibration was known to 
approximately 0.1%. An interna! check on the calibration was provided by the 
observation of resonances in proton scattering from 12C and 160  target contaminants;
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energies obtained lor these resonances agreed very well with those reported from 
other laboratories.
Self-supporting aluminium targets of approximately 80 /ig/cm2 were prepared by 
vacuum evaporation onto a soluble substrate followed by stripping on a water surface. 
Target thicknesses were measured using the target voltage modulation technique 
described by Morris and Ophel 16); the target thickness was obtained from the
3 0 0 0
f p -  8 .3 2  McV 
0 .0 0 2 "  AI ABSORBER 
9 0 °  (LAB)
2000
E , J n 3RCUP 
(MeV)
4 0 0 0
E - 8.32 MeV
NO ABSORBER•—2.212 (7/2*) P ,
3 0 0 0
90" (LAB)
— 1.013 3/2*  Pe
—  ! / » ♦  P.
2000
1000
CHANNEL NUMBER
Fig. 1. Spectra from 27Al +  p for E'p -•= 8.32 MeV: (a) with absorber in front of detectbr; (b) without 
absorber. Both spectra were taken at 90° (lab) for 60 /iC charge.
displacement of the 874 keV resonance in 19F(p, ay),60  when the aluminium target 
was placed in front of the fluorine target. Assuming that the beam energy spread 
w^s that characteristic of tandem accelerators (i.e. ^  a few keV) the overall resolu­
tion is estimated to be approximately 10 keV throughout the energy range of the 
experiment.
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The 51 cm scattering chamber used has been described by Ohlsen and Young 3 *17). 
The target was set at 45° to the beam direction. Two silicon surface-barrier detectors 
were mounted at 90° and 140° to the beam direction. Slits in front of the detectors, 
gave an angular resolution of about 1°. Aluminium absorbers of sufficient thickness 
to just stop alpha particles from the 27Al(p, a)24Mg reaction were placed between 
the target and detectors. Typical spectra with and without absorbers are shown in 
tig. 1 with the 27A1 energy level diagram 18 *).
Spectra were taken in 10 keV steps over an energy range from 3.5 to 11.3 MeV, 
Hearn current integration was accurate to about 1 %. Signals from each detector 
were fed into a charge-sensitive pre-amplifier followed by a low-noise amplifier and a 
400-channel, pulse-height analyser. Dead-time corrections were deduced by comparing 
the number of counts recorded by the analyser with the number recorded by a parallel 
fast scaler for a given portion of the spectrum. The beam current used was between 
0.2 and 0.7 /<A and was adjusted so that the dead time was usually less than 5%.
Spectra were recorded on punch tape and analysed using an IBM-1620 computer. 
The computer programme recognized peaks above a certain minimum level chosen to 
eliminate statistically insignificant peaks, summed the counts in each peak and made 
background and dead-time corrections.
3. Results
Excitation functions for the elastic group p0 were obtained at both 90° and 40°
over the full range from 3.5 to 11.3 MeV. Data were also obtained over portions of
this range for the inelastic groups, labelled according to the insert of fig. 1; p5 and
p6 were not resolved and will be treated as a single group labelled p5 + 6. The inelastic
groups have not been studied over the complete energy range because at some
energies and angles pj and p2 were not resolved from the groups of protons scattered
elastically from carbon and oxygen target contamination, and because the low-
energy cut-off used for spectrum analysis excluded data from p3,p 4 and p5 + 6 at
the lower bombarding energies. Results for p0, p3 and p5 + 6 are shown in figs. 2-4.
Statistical errors are indicated every 500 keV in cases where they are larger than the
size of the data points. Full lines are drawn as a guide to the eye. The Rutherford
scattering cross section is included for reference in fig. 2. The other inelastic data
are not shown because of space limitations, but for the sake of completeness the
absolute differential cross sections for all groups are listed at 1 MeV intervals in
table 2.
It is estimated that the absolute differential cross sections (drr/dß) (lab) are ac­
curate to approximately 10%, the largest contribution to the uncertainty arising
from possible errors in the target thickness measurement. The absolute cross-section
values are of course of limited significance because the values obtained depend on
the ratio of target thickness to resonance width. The relative accuracy from point
to point is much better than the absolute accuracy, the relative errors arising pre-
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dominantly from statistical uncertainties. The reproducibility was checked for a 
substantial fraction of the data and found to be satisfactory; results of a typical 
check are shown in fig. 5.
T able 2
Differential cross sections for the scattering of protons from 27A1
£ P 90°(lab) 140°(lab)
(MeV) Po Pi P2 p 3 P 4 Ps+e Po Pi Pa Ps P 4 PaP&+e
4.0 92.92 3.06 4.21 53.82 2.06 3.27
5.0 48.56 1.06 5.54 9.37 82.90 6.20
6.0 59.38 1.84 3.70 8.41 3.47 6.17 39.53 3.93 7.16 2.57 7.21
7.0 37.04 1.73 3.68 5.90 3.56 6.14 41.22 4.22 2.65 10.55
8.0 33.22 7.39 3.13 8.21 24.71 1.21 6.99 3.97 4.43
9.0 38.00 3.03 4.19 2.62 5.47 20.02 2.90 1.30 5.03
10.0 22.46 2.93 4.45 2.03 5.34 24.47 2.76 1.23 4.50
11.0 25.47 3.90 1.69 5.22 24.61 2.08 1.52 4.40
All values are in mb/sr and are estimated to be accurate to about 10%.
140° (LAB)
Q _ A
* 5 “ $ Q
o  5 0
2s « 8
90°(LAB)
2 •  £
6
2 ■ 6 . “  o 8
Ep(MeV) Ep(MeV)
Fig. 5. Reproducibility check on data from 27Al(p, p0)27Al. The data indicated by circles and triangles 
were obtained using different targets and different integrated charge at times separated by several
months.
4. Source of Structure
Each excitation function shows considerable structure throughout its range. If 
this structure is to be legitimately attributed to the statistical fluctuations discussed 
by Ericson rather than to individual compound nucleus levels it is necessary to 
establish that the energy region concerned is one where the levels overlap, i.e. T D. 
The following considerations are pertinent to this question.
(i) Ericson suggests 2) that substantial level overlap should occur at an excitation 
energy 3 to 5 MeV above the threshold for neutron emission, and possibly at lower 
energies than this in light nuclei. In the present case the neutron threshold is at 
Ep = 5.8 MeV.
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(ii) Theoretical estimates of r / D  may be made using the relationship 19)
r  _  l
D ~  2n
where £7" is the sum of transmission coefficients for all open channels. In their 
analysis ot 27Al(p, y)28Si data, Singh et al. 10) used a Hauser-Feshbach calculation 
to estimate transmission coefficients and found that for 1“ states in 28Si the value of 
r/D ranged from 2 at Ex = 16 MeV (Ep = 4.7 MeV) to about 8 at Ex = 23 MeV 
(Ep = 12 MeV). Similar calculations by Bondorf and Leachman 20) and by Vogt 
et al. 31) indicate average widths considerably greater than average level spacings 
for Ex from 20 to 25 MeV in 24Mg.
(iii) Using a semi-empirical approach based on extrapolation of level densities 
observed at lower energies, Bubb, Poate and Spear 13) deduced mean level separa­
tions of a few keV or less at 28Si excitation energies from 17 to 22 MeV. Fig. 6 shows 
the average number of “peaks” occurring per MeV in the present data. All groups 
were considered and the results averaged. The peak-counting procedure involved 
is admittedly rather subjective but should be adequate for the present argument. 
The error bars represent the statistical errors corresponding to the number of peaks 
counted. For Ex from 17 to 22 MeV, fig. 6 indicates an average peak separation of 
approximately 70 keV, suggesting that for these energies at least the observed struc­
ture does not correspond to individual compound nucleus levels. At lower energies 
the mean level separation increases and such a conclusion becomes less definite.
(iv) If the structure observed corresponds to individual compound nucleus levels 
it would be expected that the number of peaks per unit energy would increase 
rapidly with excitation energy owing to increasing level density. On the other hand 
fluctuation theory predicts 3) that the number of peaks per unit energy will be in­
versely proportional to F and hence should decrease slowly with Ex. The steady 
decrease of peak density with Ex indicated in fig. 6 thus supports an interpretation 
in terms of fluctuation theory.
(v) Ericson predicts 2) that in the region of level overlap there should be no 
correlation between the cross sections of transitions to different final states. In the 
present case inspection of the excitation functions at a given angle for transitions to 
the different final states shows no obvious cross-correlation, suggesting that Ericson's 
theory is applicable. Visual inspection can however be deceptive. Therefore cross­
correlation functions have been calculated; the procedures used are described in 
sect. 8. The results indicate no significant cross channel correlation.
(vi) Examination of the elastic data at low energies, e.g. from 3.5 to 4.5 MeV, 
suggests that minima in the 90° yield are often correlated with peaks at 140°. Several 
examples are indicated by arrows in fig. 7. This behaviour is characteristic of inter­
ference between individual levels and non-resonant processes and suggests that in 
this energy region the degree of level overlap is small.
Some of the numerical estimates in the above arguments are fraught with con-
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Ex(MeV)
15.0 16 0 17 0 18.0 i9 9 20.0 21.0 22.0 23 .0
3,0 4 0 5.0 6 0 7.0 8.0 9.0 10.0 11.0 12 0
Ep(MeV)
Fig. 6. Number of peaks per MeV observed in *7Al(p, p)27Al data plotted as a function of energy.
Fig. 7. Elastic scattering data at low energies showing apparent correlation between minima in 
9(F yield and peaks at 140°. Statistical errors are approximately the same size as the data points.
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siderable uncertainty; nevertheless, considering the arguments as a whole there seems 
little doubt that the conditions necessary for application of fluctuation theory obtain 
for the upper part of the energy range, and perhaps for the whole of the range. How­
ever there is some doubt about the situation for the lower energies. In what follows 
Ericson’s theory will be applied over the whole range, but the above reservation 
should be borne in mind. Some authors have suggested that the condition F D 
is possibly too restrictive, e.g. Dallimore and H all21) argue that (F/F>) > 2 is 
satisfactory for a fluctuation analysis.
Fluctuation theory predicts that for energies where F »  D, cross sections will 
fluctuate with a coherence energy equal to F; more specifically, the auto-correlation 
function R(e) has the form
where e is an energy increment, N  (sometimes called the fluctuation damping para­
meter) represents the effective number of equally contributing independent channels 
and y  the proportion of direct interaction. This expression has a Lorentzian form and 
the width at half height gives the value of the mean level width F.
Various forms of auto-correlation function have been proposed. In the present 
analysis the following three forms have been considered
In these expressions o(E) is the cross section at energy E and the angular brackets 
represent averages over the energy range concerned. The three expressions are almost 
identical for small values of c; in fact, tests on various pieces of data showed virtually 
no significant difference between results from the three functions. In most of what 
follows R 3(s) has been used, largely for computational convenience.
Bubb, Poate and Spear13) performed an auto-correlation analysis on their 
27Al(p, n)27Si data for 9.5 < Ep < 11.2 MeV; this region was chosen because the 
average cross section appeared to remain virtually constant, as required for straight­
forward application of the theory. They found T = 60 keV. As a first step in the 
present analysis auto-correlation functions were calculated for the same energy range. 
Fig. 8 shows some of the results; each curve has an approximately Lorentzian shape 
for small values of e, and the mean value of F is 59 keV, in satisfactory agreement 
■with the 27Al(p, n)27Si result. However, some of the data did not give the desired
5. Auto-Correlation Analysis
( 1)
/?i(e) =  (K £ + E )- ( (T > ]K £ )-< ff ) ] ) /< f f> 2,
R2(e) = < [a(£+ e)—<<r(£+e)>][ff(£)—<ff(£)>]/<ff>2,
R3(e) =  < K F + e)-<a(F+e)>]K F)-<(T(F)>]/<(7(£+e)><a(£)> 
=  [ < a ( £ + e M F ) > / < a ( £ + e) ) < ( T ( F ) ) ] -  1.
( 2)
(3)
(4 )
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Lorentzian shape with a tail oscillating about the e-axis; for example, the cases il­
lustrated in fig. 9 appear to have a base line which is tilled or elevated above zero. 
Generally such effects seemed to be associated with a varying average cross section.
It is indeed to be expected that if the average cross section is not constant, or if 
there is gross structure present giving modulation of the fluctuations, then the auto­
correlation function will be distorted and excessively large values of R(e) will be
9.5-11.3 MeV
2 .0 * 10*
CC 0 . 5
2,0*10'* r
1.5
R»(90°)
V
Fig. 8. Auto-correlation analysis of data for 9.5 <  Ep <  11.3 MeV using
obtained. It is desirable that the auto-correlation function should measure fluctua­
tions about the envelope defined by the gross structure. As pointed out by Pap- 
palardo 22), this may be achieved by using a moving average cross section calculated 
over a range which is large enough to average out the fine structure (fluctuations) 
but small enough to follow any gross structure which may be present. This procedure
166
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9.5-11.3 MeV
3 0* IO'*
er 0 .
«(KeV) :(keV)
Fig. 9. Auto-correlation analysis o f data for 9.5 <  Ep <  11.3 MeV using E,(e); in these cases the 
auto-correlation functions do not have the required Lorentzian shape for small values ofe.
500 1000 1500
AVERAGING INTERVAL (keV)
>
a>
2 0 0 0
Fig. 10. Variation o f /?4(0) and F  with averaging interval ÖE for p„(90 ). 8.5 <  Ev <  10.0 MeV.
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will also eliminate distortions arising when there is no gross structure but the average 
cross section varies monotonically with energy.
Therefore the auto-correlation function has been modified as follows to incorporate 
a moving average:
K4(e)
o(E + e)
\LorR(£ +  fi) 
where the moving average is given by
- 1
-<7r(£ )
IbE \ _1 E+idE—;+M I <E).
\AE /  E -}< 5£
( 5)
(6)
AE is the interval between data points (10 keV in the present case) and ÖE the 
“averaging interval’’. A suitable value for the averaging interval may be determined 
by plotting the value of R4(0), the normalized variance, as a function of ÖE. The 
normalized variance measures the magnitude of fluctuations about the smoothed 
curve defined by use of the averaging interval. Obviously for ÖE =  0 this curve is 
the data and so /?4(0) = 0. As SE is increased, R4(0) increases until all the fine 
structure is smoothed out and then it flattens out. If there is broader structure present 
in the data R4(0) will begin to increase again when SE becomes too large to follow 
the broader structure. The value of R4(0) as a function of SE was calculated for 
various energy ranges for each group. A typical result is shown in fig. 10. It was 
found that SE =  400 keV was satisfactory for all cases.
In order to achieve a systematic analysis of the data, the energy range was sub­
divided into four equal segments, i.e. 3.51 — 5.45, 5.46 — 7.40, 7.41—9.35 and 
9.36—11.30 MeV. Auto-correlation functions R ^ f ) and R4(f) (SE =  400 keV) were 
calculated for each group for each energy segment where data were available. Use of 
R4(e) with an averaging interval of 400 keV necessitated truncation of the lowest 
and highest segments by 200 keV, i.e. 3.71 — 5.45 and 9.36- 11.10 MeV. In every 
case where /?3(e) gave a poorly shaped curve (e.g. elevated or titled base line), 
R4(f) (SE =  400 keV) gave a striking improvement, producing a curve with Lorent- 
zian shape at small values of e and a tail oscillating about the E-axis. In cases where 
Rj(e) gave a reasonably satisfactory shape, R 4(f) retained the general features but 
usually produced a smaller value of T. Some representative results are shown in 
fig. 11.
Recently Gadioli, lori and Marini have shown 23) that increasing SE produces 
an increasing value of T; such behaviour in the present data is shown in fig. 10. Clearly 
it is necessary that SE should be chosen just large enough to smooth out the fine 
structure.
6. Mean Level Width in 28Si
Values of the mean level width r  extracted from the auto-correlation analysis of 
»sect. 5 are listed in table 3. The improvement achieved by using /?4(e) is evident.
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------ R3(0  ------- R4(«0 (8E = 400keV)
(9.36-11.30 MeV) (9.36-11.30 MeV)
(3.51- 7 .4 0  MeV)
- 0 . 5
«(keV) <(keV)
Fig. 11. Representative results of auto-correlation analysis showing the effect of using a moving
average.
Finite range of data (f.r.d.) errors were calculated using the expression attributed 
to Bohning in ref. 24):
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where the range of data is nT and Ae the interval between successive values of e 
(10 keV in the present case). Estimation of N  is difficult because its value depends on 
such factors as reaction angle, coupling of angular momenta, channel spin weighting, 
and barrier penetrabilities. Ericson has given 2) an approximate formula for N  which 
is expected to have its greatest validity at 90°:
N  = i(2z‘i +1)(2/2 + l)(2/3+ 1)(2z4 + 1), (8)
where it , i2, *3 and z4 are the spins of the incident particle, target nucleus, outgoing 
particle and residual nucleus. For proton scattering from 27Al this expression 
becomes
W =12(2/4 + l). (9)
The effective value of N  is expected to be a maximum at 90°. The F.R.D. errors 
shown in table 3 have been calculated using this expression for N. Since this re­
presents the maximum possible value for N  the errors may be underestimated; 
however dF /F  is not very sensitive to variations in N  for the large N-values involved 
here so that the error estimates should be reasonably satisfactory. Table 3 indicates 
that F increases significantly with excitation energy; the rate of increase is consistent 
with results of a statistical model calculation.
Gibbs has suggested 25,26) that the use of a finite data range produces a bias 
in the value of F deduced from an auto-correlation analysis, but the information 
given by him is not adequate for calculating the bias in the present case. It is believed 
to be negligible, since the average of F-values obtained for a given group for two 
adjacent energy segments is not significantly different from the value of F obtained 
for the range covered by both segments, i.e. doubling the range of data does not 
significantly alter the value of F deduced.
The mean value of F for 9.36 < Ep < 11.10 MeV is 34 keV, which is considerably 
smaller than the value of 60 keV obtained for 9.5 < Ep < 11.2 MeV by Bubb, 
Poate and Spear for their 27Al(p, n)27Si data. Examination of the correlation func­
tion given by Bubb, Poate and Spear (obtained using R2(e)) suggests that it may be 
elevated above the e-axis by an underlying hump arising from modulation of the 
fluctuations. Consequently the (p, n) data have been re-analysed using /?4(e) 
(ÖE = 400 keV). The results, shown in fig. 12, give widths of 39 keV and 29 keV for 
9.36 < Ep < 10.99 MeV and 7.41 < Ep < 9.35 MeV, respectively. These values are 
in good agreement with those obtained from the present data.
An alternative procedure for evaluating F from excitation function data has been 
proposed by Brink and Stephen. They argue 3) that
0.5 bs 
K
( 10)
where K is the number of maxima per unit energy and Z>N a parameter which depends 
on the value of N: bl = 1, b2 = 0.78, b2 = 0.75, 64 = 0.74, bm -  0.707. In the
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present case N is sufficiently large to warrant the assumption that bN = 0.71, i.e. 
r  — 0.36/K. Recently Dallimore and Hall have claimed 21) that there is an error 
in the value of bN given by Brink and Stephen and report that Brink has now shown 
that r  = 0.55IK for all values of N. This technique for determining r  must be
27AI(p,n)27Si
4.0*10-» r
(9 .36 - l0 .99M eV )
0 100 200 300 400 500
€(keV)
Fig. 12. Auto-correlation functions obtained by application of i?4(e) (ÖE =  400 keV) to the 
27Al(p, n)27Si data of Bubb, Poate and Spear ,3).
Table 4
Mean level widths in 29Si deduced from 27Al(p, p)27Al (present experiment) and 27Al(p, n)27Si 
(ref. 13)) using the following procedures: (i) auto-correlation analysis using Ri(e)(öE =  400 keV), 
(ii) peak counting, 71 =  0.36IK and (iii) peak counting, T  =  0.55\K
27Al(p, p)27Al 27Al(p, n)*7Si
£ P (MeV) Ex (MeV) (0 (ii) (iii) (i) (ii) (iii)
3.51- 5.45 15.0-16.8 23 ± 2 21 ± 2 32±3
5.46- 7.40 16.8-18.7 21 ± 2 21 ± 2 32±3
7.41- 9.35 18.7-20.6 27 ± 2 25± 2 38 ±3 29 23 ± 5 34 ± 7
9.36-11.30 20.6^22.5 34 ± 2 35±3 53±3 39 39 ±10 59±14
All widths are in keV.
jegarded as less precise than auto-correlation analysis23). Peak densities obtained 
from the present data, considering all groups, are shown in fig. 6. Values of T ex­
tracted using the two formulae above are listed in table 4 and compared with results 
from the auto-correlation analysis. Statistical errors corresponding to the number
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of peaks counted are indicated. Results obtained by application of the same procedures 
to the 27Al(p, n)27Si data are also shown. The earlier formula of Brink and Stephen 
(T = 0.36/K) gives better agreement with results of the auto-correlation analysis 
than does the later formula (T = 0.55/K). Actually the remarkably good agreement 
is probably fortuitous in view of the subjective nature of the peak counting procedure.
The influence of experimental resolution on the determination of F has been in­
vestigated by Gadioli, lori and M arini23). They show that the true value of r  is 
given by
r = [r^ -M E )2]*, (ii)
where Texp is the coherence energy obtained from analysis of experimental data and 
AE the energy resolution. In the present experiment the overall resolution arising 
from target thickness and energy spread of the incident beam is approximately 10 
keV throughout the complete energy range. Hence the resolution correction to be 
applied to the T-values given above is only about 2 keV.
Mean level widths in 28Si deduced by other authors from auto-correlation analysis 
are summarized in table 5. The results show considerable scatter, but in general they
T able 5
Mean level widths in 28Si deduced by various authors from fluctuation analysis.
Author Reaction jEx(MeV) A keV) Ref.
Allardyce 27Al(p, a)MMg 20.3-23.1 45 8)
Temmcr 27Al(p, a)24Mg 20.7-22.1 65 27)
Lawrence 27Al(p, a)24Mg 18.3-21.2 25 28)
Singh 27Al(p, y)28Si 17.4-21.7 52 10)
Rauch 27Al(p, y)28Si 16.3-18.0 33 28)
Halbert 12C(160 , a)24Mg 23.9-30.9 120 12)
Bizzeti (28Si(y, p)2,Al \ 28Si(y, a)24Mg 17.55-17.67 5=40
For papers with more than one author only the first named author is listed.
tend to be higher than the present values. Perhaps the most significant feature is that 
Singh et al., whose analysis also used a moving average with averaging interval of 
400 keV, obtain a width from their 27Al(p, y)28Si data almost twice as large as that 
obtained in the present paper from 27Al(p, p)27Al and 27Al(p, n)27Si.
7. Normalized Variance
Table 6 summarizes values of the normalized variance R(0) obtained from the 
auto-correlation analysis using R^(e)(ÖE = 400 keV). The errors shown are f.r.d. 
errors calculated from the expression given by Dallimore and H all21):
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where the range of data is nT. As before the error estimates have been made assuming 
values of N  calculated from expression (8). Since N  may have an effective value less 
than this the errors may be underestimated, but this should not be serious since 
A R(0)/R(0) is rather insensitive to variations in N  for the large values involved here.
As indicated in expression (1), JR(0) is a function of N  and y. The maximum pos­
sible effective value of N  may be derived from this expression by assuming y = 0, 
i.e. no direct interaction. Dallimore and Hall estimate that the use of a finite range 
of data produces a bias in the value of /?(0) such that
N
(13)
where t]2 — n(N+ l)/nN. The bias in the present case is about 5%. The maximum 
possible effective values of N  calculated from the expression
( 14)
are listed in table 6; also shown is a, the ratio of Ne{( to A^ic, where iVca,c is the value 
of N  calculated using expression (8). Since the spin of the sixth excited state of 27A1 
is not known, no values are shown for p5+6; the brackets around the values for p3 
are due to uncertainty in the -j assignment for the third excited state.
The following observations may be made about the information in table 6:
(i) In most cases, expression (8) considerably over-estimates the value of N. 
Cases where a is significantly greater than unity imply the existence of a non-zero 
direct interaction component.
(ii) For all groups fl(0) decreases with increasing energy. This could be taken to 
indicate that the direct interaction component increases with energy. Singh et al. 10) 
observe similar behaviour for R(0) and attribute it to an increasing value of F/D 
(ref. 30)).
(iii) For all groups the variance is greater at 140° than at 90°, i.e. Ne({ is smaller. 
This is consistent with the expectation that the effective number of channels will be 
a maximum at 90° and minimum at 0° and 180°.
8. Cross-Correlation Analysis
As discussed in sect. 4, statistical theory predicts that there should be zero cor­
relation between the yields of different outgoing channels. Therefore a cross-cor­
relation analysis has been performed on the cross sections of different groups at a 
given angle. Ideally it would be desirable to use integrated rather than differential 
cross sections.
The cross-correlation function for two groups i and j  may be defined as follows
<[<7l(E + e)-<ffl>][gJ(£)-<iTJ)]> <[ff,(E)-<(Tl>][(iJ(E + e)-<ffJ)]>
2<y><v> 2<»,><y>
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The significance of the cross-correlation may be measured by the fractional correla­
tion C(0), the cross-correlation for e = 0 normalized to the variances of the two 
excitation functions:
C(0) Ru( 0)
V Rl(0)RJ(oj
(16)
A value of unity for the fractional correlation denotes perfect functional relationship 
between i and j; for C(0) = 0 there is no correlation at all.
Application of R\j(e) gave results which appeared to be internally inconsistent; 
for instance, some data gave relatively large values for C(0) (as high as 0.65) but 
the cross-correlation function did not have the Lorentzian shape for small values o 
£ which could be expected for genuine correlation between fluctuations. It seemed 
that the presence of gross structure in the data was confusing the issue. Therefore 
the cross-correlation function was modified to allow for non-statistical effects in the 
excitation functions in a manner analogous to that used for the auto-correlation 
analysis of sect. 5:
R'Hf) = <[J'(E+ e) - g»(E+e)][<r'(E) —4(E)]>
2<r'R(E + e y R(E)
+  <[<r*(£) -  ffji(E )]iy(E +e)~ <r{(E+ e)]>
" 2 4 (E)oj[(£ + e)
where gr(E) has the same form as was used in the auto-correlation analysis (expres­
sion (6)).
Results obtained for R'i{0)(()E = 400 keV) are shown in table 7; also listed are 
C(0) values calculated using fl4(0) auto-correlation results. F.R.D. errors were 
calculated using the expression given by Dallimore and Hall 21):
^ 0)- ±( ^ ) *  (l8)
Again N l and Nj were obtained from formula (8), so that the errors may be somewhat 
underestimated. A few cases suggest a trend toward correlation or anti-correlation; 
e.g. p3( 140°) —p4(140 ) has C(0) = 0.43 + 0.13 for 7.41 < Ep < 9.35 MeV. How­
ever, the overall result indicates no significant cross channel correlation; e.g. for the 
four energy segments the average of all C(0) values is 0.019. Similar cross channel 
correlation analyses by other authors have also given null results 8’12, 28).
9. Intermediate Structure
Most of the present data show some indication of structure which could be in­
terpreted in terms of the intermediate resonances discussed in section 1. For example, 
fig. 13 shows p5 + 6 (140°) smoothed using an averaging interval of 200 keV. Structure 
with width of 200 to 300 keV and spacing of the order of 400 to 700 keV is evident,
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consistent with predictions for intermediate resonances by Kerman et al. 4). There 
are no obvious systematics for the behaviour of this type of structure in the data.
10. Conclusion
The validity of interpreting the 27Al(p, p)27Al data for 3.5 < Ev < 11.3 MeV 
in terms of the statistical fluctuation theory of Ericson and others has been investigated; 
it is concluded that such an interpretation is valid for the upper part of range but is 
questionable at the lower energies. An auto-correlation analysis of the data gave the 
following results:
(i) The simple statistical theory must be modified to prevent distortion of the auto­
correlation functions arising from variations in the average cross section due to non- 
statistical processes; this was accomplished in the present case by calculating fluctua­
tions with respect to an average cross section defined by using an averaging interval 
of 400 keV.
(ii) The mean width of 28Si levels participating in the reaction is approximately 
34 keV at an excitation energy of 21.5 MeV. This corresponds to a nuclear lifetime 
of approximately 1.9 x 10~20 sec. Data from the reaction 27Al(p, n)27Si have been 
re-analysed using an averaging interval of 400 keV, giving a mean level width in 
good agreement with this result. Estimates of level width obtained from the density 
of maxima in the excitation functions are also in reasonable agreement.
(iii) Expression (8) considerably over-estimates the effective number of channels 
participating in this reaction.
Most of the data show evidence for the presence of structure with width and spacing 
consistent with predictions for intermediate resonances.
The authors are grateful to Professor E. W. Titterton and Dr. P. B. Treacy for 
reading the manuscript, to Professor K. J. Le Couteur for a helpful discussion and 
to Dr. T. R. Ophel and Mr. J. M. Morris for assistance with target thickness meas­
urements.
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